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Abstract
Theory and Phenomenology of Flavorful Two Higgs Doublet Models
by
Brian Maddock
2HDMs with non-standard flavor structures are a powerful tool that can be uti-
lized to address many open problems in physics. In analogy the four, well stud-
ied, models with natural flavor conservation (type 1, type 2, lepton-specific, and
flipped), we examine four setups that implement an approximate U(2)5 flavor
symmetry acting on the first two generations which provides the SM-like, heavy
scalar, and charged Higgs bosons with interesting and non-standard phenomenol-
ogy. We identify interesting and sensitive search channels for models where we
generate the CKM in the down sector and up sector. We study the effects on low
energy flavor violating processes such as Bd, Bs, and D meson mixing and from
rare decays B decays. We further augment this framework by a real scalar singlet
that, protected by a Z2 symmetry, provides a particle Dark Matter candidate.
We show that this setup allows for doubly blind spots at both collider searches
and direct detection experiments. Opening up large portions of parameter space
that are ruled out in simpler Dark Matter models. Finally, we explore how an
additional source of mass generation with a non-standard flavor structure can be
utilized in order to reconcile the twin Higgs model with cosmology. We explore
the possibility of striking displaced decay signatures that can occur at the LHC
due to the production heavy Higgs.
xii
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Chapter 1
Introduction
Measurements of Higgs rates at the LHC show that the Standard Model (SM)
Higgs mechanism provides the bulk of the masses of the third generation fermions.
The decays h→ τ+τ− and h→ bb¯ have been observed at a rate compatible with
the SM prediction [1, 2]. Recently, production of the Higgs in association with
top quarks has been observed in agreement with the SM [3]. However, much
less is known about the origin of mass for the first and second generations of
fermions. Although constraints have been placed on the 125 GeV Higgs coupling
to the muon [4, 5], direct measurements of its couplings to the first and second
generation fermions are experimentally difficult, and it is presently unknown if
the 125 GeV Higgs gives mass to the light fermions. In addition, the masses of
the fermions as well as the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing
matrix exhibit a hierarchical structure that is not a priori explained by the SM –
this is known as the SM flavor puzzle.
The SM flavor puzzle can be partially addressed by introducing an additional
source of EWSB that is responsible for generating mass for the first and second
generation fermions, as proposed in [6] (see also [7–10]). Arguably the simplest
realization of this scenario is a Two Higgs Doublet Model (2HDM), in which one
1
Higgs doublet (approximately identified as the 125 GeV Higgs boson) couples
mainly to the third generation, while the second Higgs doublet couples mainly to
the first and second generations. The observed pattern of quark masses and mixing
can be obtained by asserting suitable textures for the quark mass matrices, leading
to a “flavorful” Two Higgs Doublet Model (F2HDM). The Yukawa structure of the
F2HDM can be for example generated via the flavor-locking mechanism [11, 12],
and the implied collider phenomenology has been discussed in detail in [13].
In [6] a 2HDM setup was proposed in which one Higgs doublet couples only
to the third generation fermions, and a second Higgs doublet couples mainly
to the first and second generation (see also [7–10]). A dynamical generation of
such a coupling structure can be achieved using the flavor-locking mechanism [11,
12]. The collider phenomenology of this “flavorful” 2HDM scenario was discussed
in [13] (for additional recent work on extended Higgs sectors with non-standard
flavor structures see [14–31]).
In chapter 2, we explore additional flavor structures for 2HDMs that approx-
imately preserve a U(2)5 flavor symmetry for the first two generations. Starting
from the flavorful 2HDM scenario of [6] we “twist” the Yukawa couplings of the
down-type quarks and/or leptons by exchanging the Higgs doublets these fermions
couple to. In analogy to the four well studied 2HDMs with natural flavor conser-
vation (type 1, type 2, lepton-specific, flipped) we obtain four flavorful 2HDMs in
which the third and first two generations of each fermion type (up-type quarks,
down-type quarks, leptons) obtain the bulk of their mass from a different source.
The setups discussed in this chapter all generate the CKM matrix in the down
quark sector, i.e. the CKM matrix is largely given by the matrix that diagonalizes
the down quark Yukawa couplings. Such a setup is a natural choice given the hier-
archies in the down quark masses and the CKM matrix elements are comparable,
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Vus ∼ md/ms, Vcb ∼ ms/mb, Vub ∼ md/mb. Such setups can lead to enhanced
flavor violating couplings of the Higgs bosons to down type quarks, resulting in
potentially interesting effects in B meson oscillations and rare B decays.
The non-standard flavor structures of these four 2HDMs lead to (i) distinct,
flavor non-universal modifications of all Higgs couplings with respect to the models
with NFC, (ii) potentially sizable flavor violating Higgs couplings involving the
third generation fermions. This implies an interesting characteristic collider and
flavor phenomenology. (For recent work on 2HDMs with other non-standard flavor
structures see [14,15,18–26,28,32].)
In chapter 3, we will explore the effects of the F2HDM on rare top quark
decays t→ hu and t→ hc, where h is the SM-like Higgs. Flavor-changing neutral
current (FCNC) decays of the top quark appear at one-loop in the Standard
Model (SM) and are strongly suppressed by the Glashow-Iliopoulos-Maiani (GIM)
mechanism [33] and the small mixing of the third generation quarks with the first
and second generations. In particular, the branching ratios of the rare decays
t → hc and t → hu in the SM are predicted to be O(10−15) and O(10−17) [34,
35], respectively, which renders these processes unobservable in the foreseeable
future [36–41]. Observation of such processes at current or planned colliders would
be a clear signal of physics beyond the SM.
The models discussed in this chapter will follow a similar story to those dis-
cussed in chapter 3 however, instead the CKM matrix is generated in the up quark
sector, which can lead to enhanced tree level flavor violating couplings of the Higgs
bosons to up type quarks. These couplings can produce branching ratios for the
rare top quark decays t → hu and t → hc that are orders of magnitudes greater
than the SM predictions, and can be within reach of current and future colliders.
Because the mass hierarchies in the up quark sector are rather different than
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those in the down quark sector, the flavor-locking mechanism [11,12] is not suitable
for generating the CKM matrix in the up sector. Thus, we will consider a scenario
where the required up Yukawa textures are dynamically generated by a Froggatt-
Nielsen (FN) type mechanism [42].
After this comprehensive discussion of a variety of realizations of F2HDMs we
take this setup as a starting point to address some of the most pressing issues
of the standard model. Among these are the nature of dark matter (DM) and a
compelling explanation for the hierarchy problem.
The physical origin and nature of the DM that permeates the universe and
underpins the formation and evolution of structure, is at present unknown (see
e.g. [43, 44] for a review). A compelling possibility is that of weakly interacting
massive particles (WIMPs) [45], new massive particles, neutral or close-to-neutral
under electromagnetic and strong interactions, but possibly charged, or mixed
with particles which are charged under weak interactions. Perhaps the most min-
imal possibility of the former is a new, very massive SU(2) multiplet (a possibility
known as “minimal DM”, [46]), and of the latter is a new real scalar singlet (S)
that interacts via a quartic coupling with the standard model (SM) Higgs [47–53].
Here, we will be concerned with this second possibility.
Part of the appeal of WIMPs is that they are, generically, in thermal equilib-
rium in the early universe, eventually decoupling (“freezing out”) with an abun-
dance that often is in the correct range to explain the observed amount of DM
in the universe. While a far-ranging program of direct and indirect searches for
WIMPs has been under way for decades now, no conclusive signal has yet been
reported [54–58]: strong constraints exist as a result. In particular, the simple pos-
sibility of a singlet scalar mentioned above (SM+S) is very strongly constrained,
see e.g. [59].
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Here, we consider a slight extension of the singlet scalar DM model to a frame-
work where the SM is enriched with a second Higgs doublet (two-Higgs doublet
model, or 2HDM) in addition to the real scalar singlet (we thus dub this scenario
2HDM+S). This case’s phenomenology is significantly richer, ultimately because
multiple new particles now couple to the DM candidate. In particular, here we are
concerned with the possibility that blind spots arise in the 2HDM+S as a result
of either (i) destructive interference between diagrams involving different neutral
scalars, or (ii) exact cancellations in the S coupling to the SM-like Higgs.
Blind spots have been pointed out in the literature before, see e.g. [60–65] in the
context of supersymmetry, and [66,67] in the context of a two-Higgs doublet model.
However, the central point we make here is that the blind spots in the 2HDM+S
scenario are largely generic, i.e. they arise in a wide variety of realizations for
the implementation of the specific 2HDM; secondly, we point out that blind spots
pertain to both collider searches (where one looks for a deviation of the invisible
Higgs decay width from standard expectations) and direct DM detection, and
that, on occasion, the two blind spots can overlap.
The absence of clear evidence for new degrees of freedom at the electroweak
scale from the Large Hadron Collider (LHC) challenges “traditional” solutions to
the hierarchy problem that predict new colored degrees of freedom at the TeV
scale. One elegant way to address the hierarchy problem that largely avoids
constraints from direct searches at the LHC, is the twin Higgs mechanism [68] and
its variations [69, 70]. In the twin Higgs model the SM Higgs exists as part of an
enlarged, approximately SU(4) symmetric, scalar sector. The symmetry is broken
resulting in Higgs doublets both in the visible sector and in an additional “twin”
sector. The original twin Higgs model prescribed a mirror symmetry, resulting
in an exact copy of the SM in the twin sector (see e.g. also [71, 72]). The twin
5
fermions are not charged under the SM gauge symmetries and therefore very hard
to search for experimentally. The original twin Higgs model includes light twin
fermions and a massless twin photon. These light degrees of freedom lead to the
mirror twin Higgs model having tension with early universe cosmology [68,73].
Twin Higgs models can be reconciled with cosmological bounds for example
in non-standard cosmologies [73–76], or by relaxing the mirror symmetry so that
there are no light degrees of freedom in the twin sector. One realization of the
second approach is the fraternal twin Higgs (FTH) model [77]. In this model
the twin sector is constructed with the minimal amount of new physics needed in
order to solve the little hierarchy problem in a consistent way. The minimal twin
sector required to stabilize the Higgs up to a scale of O(10) TeV contains a twin
Higgs doublet, the twin third generation of fermions, and a twin SU(3)c×SU(2)L
gauge symmetry.
Twin Higgs models have been explored extensively in recent years. For ex-
ample, the collider phenomenology of such models have been studied in [77–81].
Distinct collider signatures arise due to the fact that the SM sector and the mirror
sector are only connected through the Higgs portal (see however [82, 83]). Twin
Higgs models also lead to interesting dark matter phenomenology [84–93], they
can be used to model baryogenesis [94] and can give rise to exotic astrophysical
signatures [95].
In the fraternal twin Higgs model the third generation and the first and second
generations are inherently treated differently. In chapter 5, we wish to motivate
the distinction between these generations. We propose that the visible sector is
actually realized as a F2HDM. In such a setup the mass of the first and second
generation of fermions is set by the vacuum expectation value (vev) of the second
Higgs that can be considerably smaller than the vev of the first Higgs. Combining
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the F2HDM with the twin Higgs mechanisms thus offers the possibility to partially
address the hierarchical structure of the quark and charged lepton masses and, at
the same time, to stabilize the electroweak scale up to O(10) TeV.
We consider two setups of this “twinned” flavorful two Higgs doublet model.
In the fist setup, the twin sector is realized in a similar fashion to the mirror twin
Higgs model, with a fully mirrored 2HDM structure. In the second setup, we
consider a minimal twin sector similar to that of a fraternal twin Higgs model.
We show under which conditions these two setups can be mapped onto each other.
Finally, we explore the interesting new phenomenological regions which arise in
this model. Particularly focusing on regions with displaced decay signatures.
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Chapter 2
Flavorful Two Higgs Doublet
Models with a Twist
In section 2.1 we introduce the four flavorful 2HDMs, discuss the Yukawa
textures and the couplings of the fermions to the various Higgs boson mass eigen-
states. In section 2.2 we consider the phenomenology of the 125 GeV Higgs boson,
comparing the predicted production and decay rates in our models to measure-
ments at the LHC. In sections 2.3 and 2.4 we evaluate the production cross sections
and decay branching ratios of the heavy neutral and charged Higgs bosons. We
then compare the model predictions to the limits from current searches for extra
Higgs bosons that are being performed at the LHC and identify the most sensitive
collider probes of the models. In section 2.5 we investigate the characteristic ef-
fects of the new sources of flavor violation on low energy flavor violating processes
such as meson mixing and rare B meson decays. We conclude in section 2.6.
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2.1 Flavorful Two Higgs Doublet Models
One of the simplest realizations of a viable alternative framework of mass
generation are 2HDMs with one doublet coupling only to the third generation,
and a second doublet coupling mainly to the first and second generation. Such a
setup was proposed in [6] (see also [7–10]). The masses of the SM fermions arise
from two sources, the vacuum expectation values of two Higgs doublets φ and φ′.
The relevant part of the 2HDM Lagrangian is
−L2HDM ⊃
∑
i,j
(
λuij(q¯iuj)φ˜+ λdij(q¯idj)φ+ λeij(¯`iej)φ
)
+ h.c.
+
∑
i,j
(
λ′uij (q¯iuj)φ˜′ + λ′dij(q¯idj)φ′ + λ′eij(¯`iej)φ′
)
+ h.c. , (2.1)
where φ˜(′) = iσ2(φ(′))∗. The three generations of quark and lepton doublets are
denoted by qi, `i, and ui, di, ei are the up quark, down quark, and charged lepton
singlets. The λ and λ′ matrices are the Yukawa couplings.1
The above setup for the Higgs couplings violates the principle of natural fla-
vor conservation. Both of the Higgs doublets couple to the leptons, the up-type
quarks, and the down-type quarks, leading to FCNCs at tree level.
2.1.1 Yukawa textures
We are interested in Yukawa couplings beyond NFC that do not introduce an
unacceptably large amount of flavor violation. This can be achieved by demanding
that one set of the Yukawa couplings preserves a U(2)5 flavor symmetry, acting
on the first two generations. In this case, flavor transitions between the first and
1We do not consider neutrino masses and mixing in this work. Neutrino masses could for
example originate from a standard see-saw mechanism (with heavy right-handed neutrinos far
above the TeV scale). In such a case none of the observables considered in our study will be
affected in any significant way.
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second generation are protected. Such transitions are absent at first order in flavor
symmetry breaking and arise only at second order as an effective (2→ 3)×(3→ 1)
transition. As we will discuss in section 2.5, effects in neutral Kaon and D meson
oscillations are indeed typically well below present constraints.
We consider the following set of Yukawa matrices in the flavor basis2
λu1,2 ∼
√
2
vu1,2

mu mu mu
mu mc mc
mu mc mc
 , λu3 ∼
√
2
vu3

0 0 0
0 0 0
0 0 mt
 ,(2.2a)
λd1,2 ∼
√
2
vd1,2

md λms λ
3mb
md ms λ
2mb
md ms ms
 , λd3 ∼
√
2
vd3

0 0 0
0 0 0
0 0 mb
 ,(2.2b)
λ`1,2 ∼
√
2
v`1,2

me me me
me mµ mµ
me mµ mµ
 , λ`3 ∼
√
2
v`3

0 0 0
0 0 0
0 0 mτ
 .(2.2c)
Due to the rank 1 nature of the λu3 , λd3 , λe3 Yukawa couplings, the U(2)5 flavor
symmetry acting on the first two generations is only broken by the small λu1,2 ,
λd1,2 , λe1,2 Yukawa couplings. Such a pattern of textures can be obtained using
for example the flavor locking mechanism [11, 12]. Note that the above Yukawa
couplings contain additional structure that is not dictated by the approximate
U(2)5 flavor symmetry. Our choice is motivated on the one hand by simplicity
(the Yukawa matrices do not contain any unnecessary hierarchies) and on the other
hand by robustness: The entries in the Yukawa couplings of the first and second
2In this work we discuss the phenomenological implications of this specific set of Yukawa
matrices. There are certainly other Yukawa textures that preserve an approximate U(2)5 flavor
symmetry and that can reproduce the observed fermion masses and mixings. Such textures
might lead to a different phenomenology.
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Model u1,2 u3 d1,2 d3 e1,2 e3R
Type 1A Φ Φ Φ Φ Φ Φ
Type 1B Φ′ Φ Φ′ Φ Φ′ Φ
Type 2A Φ Φ Φ′ Φ′ Φ′ Φ′
Type 2B Φ′ Φ Φ Φ′ Φ Φ′
Flipped A Φ Φ Φ′ Φ′ Φ Φ
Flipped B Φ′ Φ Φ Φ′ Φ′ Φ
Lepton-Specific A Φ Φ Φ Φ Φ′ Φ′
Lepton-Specific B Φ′ Φ Φ′ Φ Φ Φ′
Table 2.1: Summary of the way in which the SM quarks and leptons couple to
the two Higgs doublets φ and φ′ in each of the considered models. In the models
with natural flavor conservation (A), all generations of each type of fermion couple
to the same Higgs doublet. In the flavorful models (B), the third generation and
the first two generation couple to different Higgs doublets.
generations are chosen such that the mass eigenvalues reproduce the observed
values without any tuning. The structure in the down sector leads naturally to the
observed pattern in the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements.
Alternatively, the CKM matrix could also be generated in the up sector, but we
will not consider this option here as it requires additional hierarchies in the up
Yukawa coupling. The entries in the above matrices are given up to O(1) factors
that, in all generality, can be complex.
The vacuum expectation values vi in Eqs. (2.2a) - (2.2c) correspond to either v
or v′, depending on the model under consideration. The Yukawa couplings for the
third or first two generations are identified with the λ and λ′ couplings introduced
in Eq. (5.16), accordingly. Without loss of generality, we denote the Higgs doublet
that couples to the top quark with φ [96], i.e. vu3 = v, vu1,2 = v′ and λu3 = λu,
λu1,2 = λ′u. This leaves us with four distinct “flavorful” possibilities to assign
the two Higgs doublets to the down-quarks and leptons. In analogy to the four
well known 2HDMs with natural flavor conservation (that we refer to as type 1A,
11
type 2A, lepton-specific A, and flipped A, in the following) we denote our four
flavorful models as type 1B, type 2B, lepton-specific B, and flipped B. The type 1B
model was studied in some detail in [6, 12, 13]. The coupling structure of all four
flavorful models is summarized in table 2.1.
Rotating the fermions into mass eigenstates, we define the following mass
parameters
muqq′ =
v√
2
〈qL|λu|q′R〉 , m′uqq′ =
v′√
2
〈qL|λ′u|q′R〉 , (2.3)
with quark mass eigenstates q, q′ = u, c, t. These mass parameters obey muqq′ +
m′uqq′ = mqδqq′ , where mq are the observed up-type quark masses. Analogous
definitions and identities hold for the down-type quarks and the charged leptons.
We derive expressions for them′ mass parameters in the mass eigenstate basis that
automatically reproduce the observed fermion masses and CKM matrix elements.
We find the following values for the up mass parameters in all four types of flavorful
models
m′uu = mu +O(1)×
m2u
mt
, m′cc = mc +O(1)×
m2c
mt
, m′tt = O(1)×mc, (2.4a)
m′uc =
m′utm
′
tc
mt
(
1 +O(1)× mc
mt
)
, m′ut = O(1)×mu, m′ct = O(1)×mc, (2.4b)
m′cu =
m′ctm
′
tu
mt
(
1 +O(1)× mc
mt
)
, m′tu = O(1)×mu, m′tc = O(1)×mc. (2.4c)
For leptons we find analogous expressions for the off-diagonal mass parameters in
all four types
m′eµ =
m′eτm
′
τµ
mτ
(
1 +O(1)× mµ
mτ
)
, m′eτ = O(1)×me, m′µτ = O(1)×mµ, (2.5a)
m′µe =
m′µτm
′
τe
mτ
(
1 +O(1)× mµ
mτ
)
, m′τe = O(1)×me, m′τµ = O(1)×mµ. (2.5b)
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However, the diagonal mass terms depend on the type of flavorful model
m′ee =

me +O(1)× m2emτ type 1B , flipped B
O(1)× m2e
mτ
type 2B , lepton-specific B
, (2.5c)
m′µµ =

mµ +O(1)× m
2
µ
mτ
type 1B , flipped B
O(1)× m2µ
mτ
type 2B , lepton-specific B
, (2.5d)
m′ττ =

O(1)×mµ type 1B , flipped B
mτ +O(1)×mµ type 2B , lepton-specific B
. (2.5e)
Finally, for the down quarks we find for all four types
m′bs = O(1)×ms , m′ds = m′bsV ∗td
(
1 +O(1)× ms
mb
)
, (2.6a)
m′bd = O(1)×md , m′sd = m′bdV ∗ts
(
1 +O(1)× ms
mb
)
. (2.6b)
The diagonal entries and the remaining off-diagonal entries depend on the type of
13
model
m′dd =

md −m′bdV ∗td
(
1 +O(1)× ms
mb
)
type 1B , lepton-specific B
−m′bdV ∗td
(
1 +O(1)× ms
mb
)
type 2B , flipped B
, (2.6c)
m′ss =

ms −m′bsV ∗ts
(
1 +O(1)× ms
mb
)
type 1B , lepton-specific B
−m′bsV ∗ts
(
1 +O(1)× ms
mb
)
type 2B , flipped B
, (2.6d)
m′bb =

O(1)×ms type 1B , lepton-specific B
mb +O(1)×ms type 2B , flipped B
, (2.6e)
m′sb =

−V ∗tsmb
(
1 +O(1)× ms
mb
)
type 1B , lepton-specific B
+V ∗tsmb
(
1 +O(1)× ms
mb
)
type 2B , flipped B
, (2.6f)
m′db =

−V ∗tdmb
(
1 +O(1)× ms
mb
)
type 1B , lepton-specific B
+V ∗tdmb
(
1 +O(1)× ms
mb
)
type 2B , flipped B
. (2.6g)
As we assume that the CKM matrix is generated in the down sector, the CKM
elements Vts and Vtd appear in several of the down-type mass parameters.
The O(1) terms in the above expressions are free parameters that in general can
be complex. It is worth noting that due to those O(1) terms, the off-diagonal mass
parameters mff ′ and mf ′f need not be the same for any type of fermion. It is also
important to note that in all cases the mass parameters that are responsible for
flavor mixing between the first and second generation are suppressed by small mass
ratios and not independent from the mass entries that parameterize mixing with
the third generation. All (2→ 1) mixing is given by an effective (2→ 3)×(3→ 1)
mixing. This is a consequence of the breaking of the U(2)5 symmetry by only one
set of Yukawa couplings.
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Model κhu3 κhu1,2 κhd3 κhd1,2 κh`3 κh`1,2
Type 1A cα/sβ cα/sβ cα/sβ cα/sβ cα/sβ cα/sβ
Type 1B cα/sβ −sα/cβ cα/sβ −sα/cβ cα/sβ −sα/cβ
Type 2A cα/sβ cα/sβ −sα/cβ −sα/cβ −sα/cβ −sα/cβ
Type 2B cα/sβ −sα/cβ −sα/cβ cα/sβ −sα/cβ cα/sβ
Flipped A cα/sβ cα/sβ −sα/cβ −sα/cβ cα/sβ cα/sβ
Flipped B cα/sβ −sα/cβ −sα/cβ cα/sβ cα/sβ −sα/cβ
Lepton-Specific A cα/sβ cα/sβ cα/sβ cα/sβ −sα/cβ −sα/cβ
Lepton-Specific B cα/sβ −sα/cβ cα/sβ −sα/cβ −sα/cβ cα/sβ
Table 2.2: The leading order flavor diagonal coupling modifiers of the 125 GeV
Higgs h. κhV = sβ−α for all flavor structures.
2.1.2 Couplings of the Higgs bosons
Next, we discuss the couplings of the physical Higgs bosons in the four different
models. We largely follow the notation and conventions in [13] and state only the
relevant results.
The part of the Lagrangian that parametrizes the couplings to the three neutral
scalars, h, H, and A (we identify h with the 125 GeV Higgs), as well as the charged
Higgs H± to mass eigenstate fermions is written as
L ⊂ − ∑
f=d,`
∑
i,j
(f¯iPRfj)
(
h(Y fh )ij +H(Y
f
H)ij − iA(Y fA )ij
)
+ h.c.
− ∑
i,j
(u¯iPRuj)
(
h(Y uh )ij +H(Y uH)ij + iA(Y uA )ij
)
+ h.c. (2.7)
− √2∑
i,j
(
(d¯iPRuj)H−(Y u± )ij − (u¯iPRdj)H+(Y d±)ij − (ν¯iPR`j)H+(Y `±)ij
)
+ h.c. .
For the flavor diagonal and off-diagonal couplings of the neutral Higgs bosons to
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Model κHu3 κHu1,2 κHd3 κHd1,2 κH`3 κH`1,2
Type 1A sα/sβ sα/sβ sα/sβ sα/sβ sα/sβ sα/sβ
Type 1B sα/sβ cα/cβ sα/sβ cα/cβ sα/sβ cα/cβ
Type 2A sα/sβ sα/sβ cα/cβ cα/cβ cα/cβ cα/cβ
Type 2B sα/sβ cα/cβ cα/cβ sα/sβ cα/cβ sα/sβ
Flipped A sα/sβ sα/sβ cα/cβ cα/cβ sα/sβ sα/sβ
Flipped B sα/sβ cα/cβ cα/cβ sα/sβ sα/sβ cα/cβ
Lepton-Specific A sα/sβ sα/sβ sα/sβ sα/sβ cα/cβ cα/cβ
Lepton-Specific B sα/sβ cα/cβ sα/sβ cα/cβ cα/cβ sα/sβ
Table 2.3: The leading order flavor diagonal coupling modifiers of the heavy
scalar Higgs H. κHV = cβ−α for all flavor structures.
Model κAu3 κAu1,2 κAd3 κAd1,2 κA`3 κA`1,2
Type 1A −1/tβ −1/tβ −1/tβ −1/tβ −1/tβ −1/tβ
Type 1B −1/tβ tβ −1/tβ −1/tβ −1/tβ tβ
Type 2A −1/tβ −1/tβ tβ tβ tβ tβ
Type 2B −1/tβ tβ tβ −1/tβ tβ −1/tβ
Flipped A −1/tβ −1/tβ tβ tβ −1/tβ −1/tβ
Flipped B −1/tβ tβ tβ −1/tβ −1/tβ tβ
Lepton-Specific A −1/tβ −1/tβ −1/tβ −1/tβ tβ tβ
Lepton-Specific B −1/tβ tβ −1/tβ tβ tβ −1/tβ
Table 2.4: The leading order flavor diagonal coupling modifiers of the psue-
doscalar Higgs A.
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Model κ±diu3 κ
±
diu1,2 κ
±
uid3 κ
±
uid1,2 κ
±
ν3`3 κ
±
ν1,2`1,2
Type 1A −1/tβ −1/tβ −1/tβ −1/tβ −1/tβ −1/tβ
Type 1B −1/tβ tβ −1/tβ −1/tβ −1/tβ tβ
Type 2A −1/tβ −1/tβ tβ tβ tβ tβ
Type 2B −1/tβ tβ tβ −1/tβ tβ −1/tβ
Flipped A −1/tβ −1/tβ tβ tβ −1/tβ −1/tβ
Flipped B −1/tβ tβ tβ −1/tβ −1/tβ tβ
Lepton-Specific A −1/tβ −1/tβ −1/tβ −1/tβ tβ tβ
Lepton-Specific B −1/tβ tβ −1/tβ tβ tβ −1/tβ
Table 2.5: The leading order flavor diagonal coupling modifiers of the charged
Higgs H±.
leptons one finds
κh`i`j
m`j
vW
≡ (Y `h )ij =
m`j
vW
cα
sβ
δij −
m′`i`j
m`j
cβ−α
sβcβ
 , (2.8)
κH`i`j
m`j
vW
≡ (Y `H)ij =
m`j
vW
sα
sβ
δij +
m′`i`j
m`j
sβ−α
sβcβ
 , (2.9)
κA`i`j
m`j
vW
≡ (Y `A)ij =
m`j
vW
− 1
tβ
δij +
m′`i`j
m`j
1
sβcβ
 , (2.10)
where we introduced the coupling modifiers κ with respect to the SM Higgs cou-
plings. We use the notation cφ = cosφ, sφ = sinφ, and tφ = tanφ. The angle
α parametrizes the mixing between the neutral CP-even components of the two
Higgs doublets and tan β = v/v′ is the ratio of Higgs vacuum expectation val-
ues. Completely analogous expressions hold for the neutral Higgs couplings to the
up-type and down-type quarks.
Ignoring neutrino mixing (which is of no relevance for our study) one finds for
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the charged Higgs couplings to leptons
κ±νi`j
m`j
vW
≡ (Y `±)ij =
m`j
vW
− 1
tβ
δij +
m′`i`j
m`j
1
sβcβ
 . (2.11)
In the expressions for the charged Higgs couplings to quarks, the CKM matrix V
enters. We find
κ±diuj
muj
vW
V ∗ujdi ≡ (Y u± )ij =
muj
vW
V ∗ujdi
− 1
tβ
+
∑
k
m′ukuj
muj
V ∗ukdi
V ∗ujdi
1
sβcβ
 , (2.12)
κ±uidj
mdj
vW
Vuidj ≡ (Y d±)ij =
mdj
vW
Vuidj
− 1
tβ
+
∑
k
m′dkdj
mdj
Vuidk
Vuidj
1
sβcβ
 . (2.13)
All of these expressions for the couplings are completely generic and can be applied
to any of our flavorful models. The only terms that change in the different models
are the m′ mass parameters, as given in Eqs. (2.4), (2.5), and (2.6).
In tables 2.2, 2.3, 2.4, and 2.5, we show the leading order coupling modifiers
for the flavor diagonal couplings of the Higgs bosons κi ≡ κii as an expansion
in 1/m3, where m3 = mt,mb,mτ . We compare the coupling modifiers of all
four flavorful 2HDM types to those of the four 2HDM types with natural flavor
conservation. As is well known, the coupling modifiers are flavor universal in the
models with natural flavor conservation. In the flavorful models the modifiers are
flavor dependent and differentiate between the third generation and the first two
generations.
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2.2 Light Higgs phenomenology
2.2.1 Constraints from Higgs signal strength measurements
The introduction of a second doublet alters the couplings to the 125 GeV Higgs
boson h as shown in table 2.2 as well as Eq. (2.8). We can compare the Higgs
production and decay rates predicted by our models to those measured by ATLAS
and CMS in order to constrain the new physics parameter space.
To determine the constraints from the measured Higgs signals we construct a
χ2 function
χ2 =
∑
i,j
(
(σ × BR)expi − (σ × BR)BSMi
(σ × BR)SMi
)
×
(
cov
)−1
ij
×
(
(σ × BR)expj − (σ × BR)BSMj
(σ × BR)SMj
)
, (2.14)
where (σ×BR)expi , (σ×BR)SMi , and (σ×BR)BSMi are the experimental measure-
ments, the Standard Model predictions, and flavorful 2HDM predictions for the
production cross sections times branching ratio of the various measured channels.
The ratios of experimental measurements and SM predictions that enter Eq. (2.14)
are given by the signal strength modifiers that are reported by ATLAS and CMS.
The SM predictions for the production cross sections and branching ratios are
taken from [97]. The ratios of BSM and SM predictions for individual channels
can be obtained in a straight-forward way as functions of the coupling modi-
fiers. For the gluon-gluon fusion production (ggf), vector boson fusion production
(VBF), production in association withW and Z bosons (Wh, Zh), and production
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in association with top quarks (tth), we have
σBSMggf
σSMggf
' 1.065(κht )2 + 0.002(κhb )2 − 0.067(κhb )(κht ) , (2.15)
σBSMVBF
σSMVBF
= σ
BSM
Wh
σSMWh
= σ
BSM
Zh
σSMZh
= (κhV )2 ,
σBSMtth
σSMtth
= (κht )2 , (2.16)
where for the loop induced gluon-gluon fusion we take into account top and bottom
contributions at 1-loop. For tree level decays, the partial widths simply scale with
the appropriate coupling modifiers. In the case of the loop induced h→ gg decay
width we take into account top and bottom contributions at 1-loop (We explicitly
checked that loops with lighter quarks do not lead to any appreciable effects). For
h→ γγ we consider W , top, and bottom loops. We neglect charged Higgs loops,
that are typically tiny [98]
ΓBSMWW ∗
ΓSMWW ∗
= Γ
BSM
ZZ∗
ΓSMZZ∗
= (κhV )2 ,
ΓBSM
ff¯
ΓSM
ff¯
= (κhf )2 , for f = b, τ, c, s, µ , (2.17)
ΓBSMgg
ΓSMgg
' 1.065(κht )2 + 0.002(κhb )2 − 0.067(κhb )(κht ) , (2.18)
ΓBSMγγ
ΓSMγγ
' 1.640(κhV )2 + 0.080(κht )2 − 0.725(κhV )(κht ) (2.19)
+ 0.006(κhV )(κhb )− 0.001(κhb )(κht ) . (2.20)
The covariance matrix in Eq. (2.14) contains the experimental uncertainties
and (where available) the correlations among the uncertainties. We assume that
theory uncertainties in the ratio of BSM and SM predictions are negligible com-
pared to current experimental uncertainties. We take into account the Higgs signal
strengths from the LHC run 1 combination [99], as well as several individual run 2
results, in particular measurements of h→ ZZ∗ [100, 101], h→ WW ∗ [102, 103],
h → γγ [104, 105], h → τ+τ− [106], h → bb¯ [1, 2], and h → µ+µ− [5, 107]. We
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also include results on Higgs production is association with top quarks [108–110].
(See [111, 112] for recent Higgs signal strength studies of 2HDMs with natural
flavor conservation.)
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Figure 2.1: Constraints on cos(β − α) vs. tan β based on the results from the
LHC measurements of the 125 GeV Higgs signal strengths. We show both 1σ and
2σ regions for the four flavorful models in green. We allow the mass parameters
to vary up to a factor of 3 times their expected values. For comparison, the 2σ
regions in the corresponding models with natural flavor conservation are shown
by the dashed contours.
The couplings of h are largely determined by the parameters α and β. Sub-
leading corrections enter through the m′ mass parameters, see Eq. (2.8). We use
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the χ2 function to put constraints on the α and β parameters allowing the O(1)
coefficients in the subleading corrections to vary in the range (−3, 3). The allowed
regions in the cos(β − α) vs. tan β plane that we obtain in this way are shown
in Fig. 2.1. The dark (light) green regions correspond to the 1σ and 2σ allowed
regions (that we define as ∆χ2 = χ2−χ2SM < 1, 4) in the four flavorful models. We
also compare these regions to the 2σ constraint in the corresponding models with
natural flavor conservation (dashed contours). The plot for the type 1B model
updates the corresponding result in [13].
The couplings of the 125 GeV Higgs to the third generation fermions are al-
ready constrained by current data to be SM-like at the level of 10% - 20%. By
coupling the τ and/or b to the second doublet (as in the type 2B, lepton-specific B,
and flipped B models), we therefore find the parameter space to be more strongly
constrained than in the type 1B model. Note that in those models there are
two distinct regions of parameter space: one region close to the alignment limit
cos(β − α) ' 0, where the mixing between the 125 GeV Higgs and heavy Higgs
is tiny and all h couplings become SM-like, and a second narrow strip where the
bottom and/or the tau coupling have opposite sign with respect to the SM pre-
diction. The constraints for the type 2B and flipped B models are very similar,
implying that the bottom coupling (which largely determines the total width of h)
is the most important factor in determining the parameter space of these models.
Generally, as tan β gets very large or very small the κ values can deviate substan-
tially from 1, resulting in strong constraints. Moderate values for tan β are the
least constrained.
Currently, the only decay of the Higgs into a non-third generation fermion
which has been constrained in a relevant way at the LHC is the decay to µ+µ− [4,5].
However, the current sensitivities to the h→ µ+µ− decay are not sufficient to im-
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pose strong constraints on our parameter space, yet. Future precise measurements
of h→ µ+µ− can potentially constrain large parts of the open parameter space of
the type 1B model. The type 2B and flipped B models will be mainly constrained
by improved measurements of h → bb¯. For the lepton-specific B model, future
precision measurements of h→ τ+τ− will give the most relevant constraints.
2.2.2 Flavor violating decays
Along with altering the flavor diagonal couplings of the light Higgs, the intro-
duction of the second doublet also introduces flavor violating couplings of h to the
fermions. We expect in our models a number of FCNC decays that are extremely
suppressed in the SM, most notably rare top decays t → ch and t → uh as well
as lepton flavor violating Higgs decays h→ τµ, h→ τe, and h→ µe.
In all four flavorful models the branching ratio of t→ ch is given by
BR(t→ hc) = 2m
2
c
m2t
c2β−α
s2βc
2
β
( |m′tc|2
m2c
+ |m
′
ct|2
m2c
)
(1−m2h/m2t )2
(1−m2W/m2t )2 (1 + 2m2W/m2t )
' 7.0× 10−6 × c
2
β−α
s2βc
2
β
( |m′tc|2
m2c
+ |m
′
ct|2
m2c
)
. (2.21)
From our study of Higgs signal strength measurements described in section 2.2.1
we find in all four flavorful models the constraint cβ−α
sβcβ
. 2.5. Combined with the
generic expectation m′tc ∼ m′ct ∼ mc, this implies that BR(t → hc) is typically
not larger than ∼ few × 10−5. While this is much larger than the SM prediction
of O(10−15) [35], it is below the current and expected sensitivities at the LHC [37,
113]. The decay t→ hu is further suppressed by the up quark mass and generically
not larger than 10−10, i.e. far below any foreseeable experimental sensitivity. Rare
top decays could have much larger branching ratios if the CKMmatrix is generated
in the up-sector.
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The branching ratio for the rare Higgs decay h→ τµ = h→ τ+µ− + τ−µ+ is
given by
BR(h→ τµ) = mh8piΓh
m2µ
v2W
c2β−α
s2βc
2
β
( |m′τµ|2
m2µ
+
|m′µτ |2
m2µ
)
' 2.3× 10−4 × c
2
β−α
s2βc
2
β
( |m′τµ|2
m2µ
+
|m′µτ |2
m2µ
)
, (2.22)
where Γh ' 4 MeV is the total Higgs width. This expression holds in all four
flavorful models, and we generically expect branching ratios up to ∼ 10−3. This
has to be compared to the current bounds on this branching ratio from CMS [114]
and ATLAS [115]
BR(h→ τµ)CMS < 2.5× 10−3 , BR(h→ τµ)ATLAS < 1.43× 10−2 . (2.23)
Future searches for h→ τµ will start to probe interesting new physics parameter
space.
In all our models, the branching ratio of h → τe is suppressed by a factor of
m2e/m
2
µ ∼ 10−5 compared to h→ τµ and therefore outside the reach of foreseeable
experiments. The branching ratio of h→ µe is further suppressed and generically
not larger than 10−10.
2.3 Heavy neutral Higgs production and decays
We expect a distinct collider phenomenology for the heavy Higgs bosons in
each of our models. In contrast to models with natural flavor conservation, flavor
alignment, or minimal flavor violation [98, 116–120], the coupling modifiers of
the heavy Higgs bosons to fermions are not flavor universal. The difference is
particularly striking for moderate and large tan β. As shown in table 2.3, for
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cos(β − α) ' 0 and tan β  1, whenever the coupling to a third generation
fermion is suppressed by a factor sinαsinβ ' 1tanβ , the couplings to the corresponding
first and second generation fermions are enhanced by a factor cosαcosβ ' tan β, and
vice versa. Depending on the type of flavorful model, a specific set of fermions
can dominate the decay of the heavy Higgs bosons and cause different types of
production modes to be more or less relevant. In the following we will focus on
the type 2B, lepton-specific B, and flipped B models. The collider phenomenology
of the type 1B model has been discussed previously in [13].
For the numerical results that will be presented in this section as well as in
the subsequent charged Higgs section we will consider a fixed set of m′ mass
parameters. To choose m′ parameters in the up and lepton sectors, we start with
the Yukawa textures from Eqs. (2.2a) and (2.2c) setting all free O(1) parameters
to +1. The precise values for mu,c,t and me,µ,τ in Eqs. (2.2a) and (2.2c) are then
fully determined by demanding that the mass eigenvalues reproduce the known
fermion masses (we use MS masses at a scale of 500 GeV). In the down sector, the
entries in Eq. (2.2b) of O(λms), O(λ2mb), and O(λ3mb) are chosen to reproduce
the CKM matrix. The md,s,b parameters in Eq. (2.2b) are determined by the
known down quark masses, setting the remaining free O(1) parameters to +1.
Generically, choosing different O(1) parameters does not lead to a qualitative
change of the heavy neutral and charged Higgs phenomenology. We will discuss
the quantitative impact of varying the O(1) parameters where appropriate.
2.3.1 Production cross sections
As we have seen in section 2.2.1, the type 2B, lepton-specific B, and flipped B
models are strongly constrained by Higgs signal strength measurements. In order
to have maximal freedom in choosing a value for tan β, we will limit our discussion
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to the decoupling limit and thus set cos(β − α) = 03. In this limit the couplings
of the heavy scalar and pseudoscalar Higgs to fermions are identical and, further-
more, their couplings to gauge bosons vanish. The main production modes of
the heavy neutral Higgs bosons are therefore: gluon-gluon fusion, production in
association with tops or bottoms, and direct production from a qq¯′ initial state.
Vector boson fusion and production in association with gauge bosons is absent.
We compute the cross section of the qq¯′ → H processes by convoluting the
leading order parton level cross section with the appropriate MMHT 2014 quark
parton distribution functions (PDF) [125]
σ(qiq¯j → H) = pi12s
(
|(Y qH)ij|2 + |(Y qH)ji|2
) ∫ 1
m2
H
s
dx
x
fq(x)fq¯′
(
m2H
xs
)
. (2.24)
where s is the center of mass energy of the protons. We take into account cc¯, bb¯, bs¯,
and sb¯ initial states. Given the small couplings to the lighter quark generations,
we find that the remaining possible quark combinations are always sub-dominant
(despite the larger PDF’s). We do not include higher order corrections where one
or two b quarks appear in the final state, keeping in mind that such processes
might modify our bb¯ → H and bs → H results by an O(1) amount [126]. In the
type 2B and flipped B models, we expect that the bb¯→ H production is the most
relevant for moderate and large tan β, thanks to the enhanced couplings to bottom
quarks. Production from initial state charm benefits from slightly larger PDF’s
but is suppressed by the significantly smaller charm mass. In the lepton-specific B
model instead, we expect cc¯ → H to dominate for moderate and large tan β, as
3As shown in Fig. 2.1, there are also tuned narrow strips of parameter space beyond the
decoupling limit of the type 2B, lepton-specific B, and flipped B models that are allowed by
Higgs signal strength data. In those regions of parameter space the bottom and/or the tau
couplings of h have opposite sign with respect to the SM prediction. A detailed study of the
heavy Higgs phenomenology in these “flipped sign scenarios” is beyond the scope of this work.
(See e.g. [121–124] for corresponding studies in other 2HDM scenarios.)
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the couplings to bottom are suppressed.
We estimate the gg → H production cross section by scaling the corresponding
cross section of a heavy Higgs with SM-like couplings from [97] by the ratio of the
leading order H → gg partial width in our model and a heavy Higgs with SM-like
couplings. We take the expression for the partial width from [127].
Figure 2.2: Feynman diagrams for the production of a Higgs boson in association
with a quark.
Top associated production arises from diagrams like those shown in Fig. 2.2.
The corresponding cross section is identical for all four flavorful models. We use
the cross section from [13], which was obtained by summing over the initial state
quarks u and c and convoluting the parton cross section with the appropriate
PDF’s.
The plots on the left hand side of Fig. 2.3 show the various production cross
sections for the three considered types of models as function of tan β, for fixed
Higgs mass of mH = 500 GeV, and cos(β − α) = 0. In the type 2B and flipped B
models, production involving bottom quarks is typically most relevant, while in the
lepton-specific B model either production from cc¯ or gluon-gluon fusion dominates.
For large tan β, the gluon-gluon fusion production is sub-dominant in all cases
due to the suppressed Higgs coupling to tops. Gluon-gluon fusion is minimal
for intermediate values of tan β ∼ 15, where the heavy Higgs coupling to tops
accidentally vanishes. The precise location of the minimum depends on the choice
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Figure 2.3: Production cross sections at 13 TeV proton-proton collisions (left)
and branching ratios (right) of the heavy scalar Higgs with mass mH = 500 GeV
in the type 2B model (top), lepton-specific B model (center), and flipped B model
(bottom) as function of tan β. In all plots we set cos(β − α) = 0.
of m′ parameters and can shift by an O(1) factor. For large and small tan β the
shown production cross sections are robust with respect to O(1) changes in the
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m′ parameters.
Overall, the total production cross section of a heavy Higgs of mass 500 GeV
ranges from several hundred fb to several pb in the type 2B and flipped B models,
and from tens of fb to several pb in the lepton-specific B model. The results for the
type 2B and flipped B models are very similar to the corresponding models with
natural flavor conservation. The reason is that the dominant production modes
are governed by the top and bottom couplings that behave very similarly in those
type A and B models. The results for the lepton-specific B model, however,
differ markedly from the corresponding results of the lepton-specific A model. In
the type A model, all couplings to quarks are universally suppressed by 1/ tan β
leading to tiny production cross sections. In the type B model the couplings to
charm are enhanced, leading to an appreciable amount of heavy Higgs production.
2.3.2 Branching ratios
The heavy Higgs bosons can in principle decay to SM fermions, to the SM
gauge bosons, and to other Higgs bosons. In the decoupling limit cos(β −α) = 0,
the decays of H and A to final states with massive vector bosons vanish. Decays
into photons and gluons are loop suppressed and typically tiny. We assume that
the heavy Higgs bosons are sufficiently degenerate, such that decays into each
other are kinematically forbidden. The decay into two light Higgs bosons is in
principle possible. The corresponding trilinear couplings depend on the couplings
in the Higgs potential and can be made arbitrarily small. In the following, we will
only consider decays into fermions. Generically, the decay widths of the heavy
scalar H to two fermions are
Γ(H → fifj) = Γ(H → fif¯j + fj f¯i) = NcmH8pi
(
|(Y fH)ij|2 + |(Y fH)ji|2
)
, (2.25)
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where we assumed that the mass of the fermions is negligible mfi,f¯j  mH . The
color factor is Nc = 1 for leptons and Nc = 3 for quarks. This expression is
sufficiently generic to describe both flavor conserving and flavor violating decays.
In the case where one or both of the fermions is a top quark, top mass effects have
to be included
Γ(H → tui) = NcmH8pi
(
1− m
2
t
m2H
)2 (
|(Y uH)3i|2 + |(Y uH)i3|2
)
, (2.26)
Γ(H → tt¯) = NcmH8pi
(1− 4m2t
m2H
) 3
2
Re((Y uH)33)2 +
(
1− 4m
2
t
m2H
) 1
2
Im((Y uH)33)2
 . (2.27)
We show the branching ratios of the heavy Higgs as function of tan β in the plots on
the right hand side of Fig. 2.3. The heavy Higgs mass is set to mH = 500 GeV and
cos(β−α) = 0. The main decay modes of the heavy Higgs to the fermions are easily
understood from table 2.1, that shows to which fermions the φ′ doublet couples.
In the type 2B and flipped B models we expect the bb¯ decay to dominate at large
tan β. For the lepton-specific setup we expect the τ+τ− decay to be the primary
branching ratio. In the flipped B model, the τ+τ− decay is instead strongly
suppressed. For low tan β, decays into tt¯ dominate (if kinematically allowed).
These are the same patterns as in the models with natural flavor conservation.
In contrast to the models with natural flavor conservation, decays involving
charm quarks (cc¯ and ct) can have branching ratios of O(10%) in all three flavorful
models. Also the decay into tt¯ has branching ratios of several % for large tan β,
due to terms in the coupling of the heavy Higgs to tops that are proprotional to
mc tan β. For tan β ' 15 there can be a cancellation between the leading 1/ tan β
suppressed term and the mc correction, leading to an accidental vanishing of the
tt¯ branching ratio.
Also lepton flavor violating decays can arise. In the lepton-specific B model,
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we find the decay τµ can have branching ratios of up to ∼ 1%. In the type 2B
and flipped B model, the branching ratio of this decay mode is smaller by a factor
of few, as it has to compete with the dominant decay into bb¯.
The branching ratios of flavor diagonal decay modes like bb¯, τ+τ−, and cc¯ are
fairly robust against changes in the m′ mass parameters. The branching ratios of
flavor violating decays can change by a factor of few if the relevant m′ parameters
are modified by an O(1) amount.
In the decoupling limit, the scalar and pseudoscalar Higgs couplings are iden-
tical. Consequently, the production cross sections and branching ratios of the
pseudoscalar Higgs are very similar to the scalar Higgs and we do not show the
plots for the pseudoscalar.
2.3.3 Constraints from direct searches
Having examined the main production and decay modes of the heavy neutral
Higgs bosons of the flavorful models we now compare results from current heavy
Higgs searches at the LHC with the model predictions. We find the most relevant
constraints come from
• searches forH → τ+τ− with the Higgs produced either in gluon-gluon fusion,
or in association with b quarks (ATLAS 13TeV with 36.1 fb−1 [128] and CMS
13TeV with 2.2 fb−1 [129]);
• searches for low mass di-jet resonances (ATLAS 13TeV with 3.6 and 29.3 fb−1 [130]);
• searches for bb¯ resonances (CMS 13TeV with 35.7 fb−1 [131] and CMS 8TeV
with 19.7 fb−1 [132]);
• searches for di-muon resonances (ATLAS 13TeV with 36 fb−1 [133] and CMS
13TeV with 36 fb−1 [134]).
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Figure 2.4: Exclusions for the heavy Higgs as a function of its mass mH for
tan β = 25 and cos(β − α) = 0. Cross section ratios smaller than 1 are experi-
mentally excluded.
In Fig. 2.4 we show the ratio of the experimentally excluded rate (σ ×BR)exp
to the rate predicted in our flavorful 2HDMs (σ×BR)BSM as function of the heavy
Higgs mass for a benchmark scenario with tan β = 25 and cos(β − α) = 0. If this
ratio is below 1, the model is excluded for the given set of parameters.
Concerning, the experimental searches that target Higgs production in asso-
ciation with bottom quarks, we estimate the theoretical production cross section
from bb¯ → H, keeping in mind that higher order corrections might change the
result by an O(1) amount. The corresponding constraints in the plots of Fig. 2.4
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are labeled with the subscript “bbF”. If experimental constraints assume gluon-
gluon fusion production, we take into account both gluon-gluon fusion and also
production from cc¯, which should lead to the same experimental signature. The
corresponding constraints are labeled “ggF”. If no particular production mode
is singled out by the experimental search, we add up all the production mecha-
nisms. For each individual channel we show the strongest constraint among the
considered experimental analyses.
We observe that for tan β = 25 the type 2B and the lepton-specific B models
are strongly constrained by searches for heavy Higgs decaying to a τ+τ− final
state. Heavy Higgs masses up to ∼ 1 TeV (type 2B) and up to ∼ 500 GeV (lepton-
specific B) are already excluded in this case. The constraints are much weaker in
the flipped B model. Searches for di-muon, bb¯ and di-jet resonance searches have
sensitivities that start to approach the model predictions, but currently do not
exclude parameter space with tan β = 25.
Note that the excluded mass ranges are extremely sensitive to the values of
tan β. For large tan β the production cross sections in all models are approximately
proportional to tan2 β. So, the cross section ratios quickly go below the exclusion
line. However, as tan β becomes small the constraints generically get weaker and
the constraints in the type 2B and lepton-specific B case can be easily avoided.
2.4 Charged Higgs production and decays
The collider phenomenology of the charged Higgs in the type 1B model has
been discussed previously in [13]. Here we discuss the phenomenology of the
charged Higgs in the type 2B, lepton-specific B, and flipped B models.
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2.4.1 Production cross sections
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Figure 2.5: Production cross sections at 13TeV proton-proton collisions (left)
and branching ratios (right) of the charged Higgs with mas mH± = 500 GeV in
the type 2B model (top), lepton-specific B model (center), and flipped B model
(bottom) as a function of tan β. In all plots we set cos(β − α) = 0.
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As for the neutral Higgses, the main production mode is again primarily from
qq¯′ fusion. We estimate these cross sections using an expression analogous to
Eq. (2.24) along with the MMHT 2014 PDFs [125]. Also production in associ-
ation with a top quark (see diagrams in Fig. 2.2) can become important. The
corresponding production cross section is taken from [135].
We show the production cross sections as function of tan β in Fig. 2.5. As an
example, we use the charged Higgs mass mH± = 500 GeV and set cos(β−α) = 0.
At low tan β, the production in association with a top quark dominates in
all three flavorful models. In the type 2B and flipped B models production in
association with a top quark remains dominant also for large tan β due to the
enhanced couplings to bottom in this region of parameter space. In the lepton-
specific B model, however, large tan β implies suppression of both top and bottom
couplings and the top associated charged Higgs production is suppressed.
We find that the charged Higgs production from qq¯′ fusion is dominated by
initial states containing charm quarks. All three combinations cb, cs, and cd have
production cross sections of the same order of magnitude. While the coupling to
cd is suppressed by a factor of ∼ Vcd compared to the cb and cs couplings, this
suppression is partially compensated by the larger down PDF. Furthermore, the
qq¯′ production cross sections are mainly determined by couplings of the charged
Higgs involving right handed charm quarks. Those couplings have the same scaling
with tan β for all three flavorful models and we indeed observe that also the
corresponding cross sections are approximately equal in the three models.
This is particularly interesting for the lepton-specific B case. In the lepton-
specific A model, all couplings to quarks are suppressed at large tan β, and charged
Higgs production is tiny. In the “B-type” of the model, however, the enhanced
couplings to charm open up the possibility to directly probe this region of param-
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eter space at the LHC.
2.4.2 Branching Ratios
In the considered scenario with cos(β−α) = 0, the charged Higgs decays either
to quarks or leptons. The decay to W±h is absent. The decay rate to fermions is
given analogous to the neutral Higgs, Eq. (2.25).
In the type 2B and flipped B models we expect the dominant branching ratio
to be tb both for small tan β (where the coupling to top is large) and at large
tan β (where the coupling to bottom is enhanced). This can be clearly seen in the
plots of Fig. 2.5 that show the most relevant branching ratios as function of tan β
for mH± = 500 GeV and cos(β − α) = 0.
In the type 2B model, the τν decay mode has the second largest branching
ratio at large tan β. This is very similar to the type 2A model with natural flavor
conservation. In contrast to the type 2A, decay modes including charm quarks, like
cb and cs, can have branching ratios of several % in the flavorful type 2B model.
Also in the flipped B model, cb and cs can have branching ratios of several %.
The decay to τν on the other hand is strongly suppressed. The rather clean µν
final state can reach branching ratios of O(10−3), which is orders of magnitude
larger than in the flipped A model.
In the lepton-specific B model, the branching ratio to τν dominates at large
tan β and is typically around 50%. Decay modes involving charm (cs and cb) as
well as top (ts and tb) have typical branching ratios of O(10%).
For tan β above ∼ 10 most branching ratios stay approximately constant. One
exception is the tb branching ratio in the lepton-specific B model which changes
considerably with tan β. For tan β ∼ 15 the relevant coupling of the charged
Higgs to tb vanishes, due to an accidental cancellation between the 1/ tan β term
36
and the term of O(mc) in Eq. (2.12). The same cancellation is also responsible for
the dip in the top associated production in the lepton-specific B model shown on
the left-hand side of Fig. 2.5. The precise value of tan β where this cancellation
happens depends on the sign and exact size of the free O(1) parameters in the m′
mass parameters, see Eq. (2.4a). In general, variation of the m′ mass parameters
can change the branching ratios of flavor violating decays by a factor of few.
2.4.3 Constraints from direct searches
The constraints in this section are implemented with the same process we used
in section 2.3.3. The strongest constraints come from
• searches for light charged Higgs bosons that are produced from top decays
and that decay into cs (CMS 8TeV with 19.7 fb−1 [136]), into cb (CMS 8TeV
with 19.7 fb−1 [132]), or into τν (CMS 8TeV with 19.7 fb−1 [137] and ATLAS
8TeV with 19.5 fb−1 [138]);
• searches for charged Higgs bosons produced in association with a top quark
and decaying into τν (CMS 8TeV with 19.7 fb−1 [137], ATLAS 8TeV with
19.5 fb−1 [138], and ATLAS 13TeV, 3.2 fb−1 [139]);
• searches for charged Higgs bosons produced in association with a top quark
and decaying into tb (ATLAS 8TeV with 20.3 fb−1 [140] and ATLAS 13TeV
with 13.2 fb−1 [141]);
• generic searches for low mass di-jet resonances (ATLAS 13TeV with 3.6 and
29.3 fb−1 [130]).
For low mass charged Higgs at tan β = 25, the type 2B and flipped B models
are ruled out due to cq decays. However, in the lepton-specific B case the pa-
rameter space for charged Higgs bosons lighter than the top quark is still open,
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Figure 2.6: Exclusions of the charged Higgs for the low mass region (left)
based on top decays and high mass regions (right) based on direct charged Higgs
production as a function of the charged Higgs mass mH± for tan β = 25 and
cos(β − α) = 0. Cross section ratios smaller than 1 are experimentally excluded.
motivating continued search for charged Higgs bosons in top decays t→ H±b. For
tan β = 25 the high mass region is still largely unconstrained. For the flipped B
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and type 2B models, searches for H± → tb need to improve by approximately
an order of magnitude to begin to probe the high mass region. The type 2B
and lepton-specific B models can also be probed by H± → τν searches if their
sensitivities improve one order or magnitude in the future.
2.5 Effects on flavor violating processes
The flavor violating couplings of the neutral Higgs bosons also affect low energy
flavor observables like meson mixing and rare meson decays. In the following we
consider neutral B meson, Kaon, and D meson mixing as well as the branching
ratios of several rare meson decays Bs → µ+µ−, Bs → τµ, B → Kτµ, B → K∗τµ,
and Bs → φτµ.
2.5.1 Meson oscillations
The SM Higgs, as well as the heavy scalar and pseudoscalar Higgs add contri-
butions to neutral B meson mixing at tree level. For the new physics contribution
to the Bs mixing amplitude normalized to the SM amplitude we have [12]
MNP12
MSM12
= m
2
Bs
s2βc
2
β
16pi2
g22
 1
S0
2X4
c2β−α
m2h
+
s2β−α
m2H
+ 1
m2A
 m′∗bsm′sb
m2b(VtbV ∗ts)2
+ (X2 +X3)
c2β−α
m2h
+
s2β−α
m2H
− 1
m2A
(m′∗bs)2 + (m′sb)2
m2b(V ∗tbVts)2
 , (2.28)
where S0 ' 2.3 is a SM loop function. The corresponding expression for the
Bd mixing amplitude is analogous. Note that this expression holds for all four
flavorful 2HDMs. The Xi factors in Eq. (2.28) contain leading order QCD running
corrections and ratios of hadronic matrix elements X2 = −0.47(−0.47), X3 =
−0.005(−0.005), X4 = 0.99(1.03), see [12]. The first value listed corresponds to
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Bs and the second to Bd. From the above new physics contribution we can find
values for the meson oscillation frequencies as well as the mixing phases
∆Mq = ∆MSMq ×
∣∣∣∣∣∣1 + M
NP
12
MSM12
∣∣∣∣∣∣ , φq = φSMq + Arg
1 + MNP12
MSM12
 . (2.29)
We confront our models with experimental constraints by constructing a χ2 func-
tion that includes the mass differences and mixing phases in Bs and Bd mixing.
The SM predictions and experimental results are taken from [12] (see also [142]
for a recent discussion of Bs mixing constraints). Note that in our models the m′sb
and m′db mass parameters are largely fixed by the CKM matrix, see Eqs. (2.6f)
and (2.6g). Thus we use the B mixing observables to constrain the free m′bs and
m′bd mass parameters, setting m′sb = ±V ∗tsmb and m′db = ±V ∗tdmb (with the signs
depending on the type of flavorful model).
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Figure 2.7: Meson mixing constraints on the mass parameters m′bs (left) and m′bd
(right). The 1σ and 2σ allowed regions are shaded in green. We set cos(β−α) = 0,
tan β = 25, and mH = mA = 500 GeV. The shown regions correspond to the
type 1B and lepton-specific B models. In the type 2B and flipped B models the
allowed regions are shifted in phase by Arg(m′bq)→ Arg(m′bq) + pi.
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In Fig. 2.7 we show constraints on the absolute values and phases of m′bs
(left) and m′bd (right) for a benchmark scenario with cos(β − α) = 0 (as favored
by the Higgs signal strengths measurements, see section 2.2), tan β = 25, and
mH = mA = 500 GeV. The constraints on the m′ parameter scale approximately
as m2A/ tan β2, i.e. they become weaker for larger Higgs masses and stronger for
larger tan β. The shown constraints hold in the type 1B and lepton-specific B
models. In the type 2B and flipped B models, the m′sb and m′db mass parameters
have the opposite sign. This results in constraints that are shifted in phase by
Arg(m′bq)→ Arg(m′bq) + pi.
We observe that both m′bd and m′bs are strongly constrained by Bd and Bs
mixing for large tan β and for heavy Higgs bosons below ∼ 1 TeV. The fact that
these mass parameters have to be much smaller than the generic prediction of
our flavor textures, m′bd ∼ md and m′bs ∼ ms might call for an underlying flavor
model.
Similarly to B meson mixing, also the Kaon mixing amplitude obtains addi-
tional contributions. The new physics amplitude is
MNP12 = m3K
f 2K
v2
1
s2βc
2
β
1
4B
K
4 η
K
4
c2β−α
m2h
+
s2β−α
m2H
+ 1
m2A
m′∗sdm′ds
m2s
−
 5
48B
K
2 η
K
2 −
1
48B
K
3 η
K
3
c2β−α
m2h
+
s2β−α
m2H
− 1
m2A
(m′∗sd)2 + (m′ds)2
m2s
, (2.30)
with the Kaon decay constant fK ' 155.4 MeV [143]. The bag parameters BK2 '
0.46, BK3 ' 0.79, BK4 ' 0.78 are taken from [144] (see also [145, 146]). The
parameters ηK2 ' 0.68, ηK3 ' −0.03, and ηK4 = 1 (see [12]) encode one loop
renormalization group effects.
The relevant observables in Kaon mixing are the mass difference ∆MK and
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the CP violating parameter K . They can be calculated via
∆MK = ∆MSMK + 2Re(MNP12 ) , K = SMK + κ
Im(MNP12 )√
2∆MK
. (2.31)
with κ = 0.94 [147]. In Eqs. (2.6a) and (2.6b) we saw that the m′ parameters
that are responsible for Kaon mixing are not independent parameters but given
in terms of the parameters that govern Bs and Bd mixing. Given the constraints
from Bs and Bd mixing, we find that new physics effects in Kaon mixing are
generically below the current bounds. In particular, we find that new physics
effects in ∆MK are at most at the permille level, while effects in K are . 10%.
Analogously to Kaon mixing, the new physics contributions to neutralD meson
mixing are given by
MD12 = m3D
f 2D
v2
1
s2βc
2
β
1
4B
D
4 η
D
4
c2β−α
m2h
+
s2β−α
m2H
+ 1
m2A
m′∗cum′uc
m2c
−
 5
48B
D
2 η
D
2 −
1
48B
D
3 η
D
3
c2β−α
m2h
+
s2β−α
m2H
− 1
m2A
(m′∗cu)2 + (m′uc)2
m2c
. (2.32)
According to Eqs. (2.4b) and (2.4c), the m′cu and m′uc parameters are strongly
suppressed, generically of the order of mumc/mt. We find that the resulting new
physics contributions to the mixing amplitude are many orders of magnitude below
the current sensitivities [148] in all the models we consider.
2.5.2 The rare Bs → µ+µ− decay
The rare FCNC decay Bs → µ+µ− is known to be a highly sensitive probe
of new physics (see e.g. [149]). The decay has been observed at the LHC [150]
and the latest experimental result for the time integrated branching ratio from
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LHCb [151]
BR(Bs → µ+µ−)LHCb = (3.0± 0.6+0.3−0.2)× 10−9 , (2.33)
agrees well with the SM prediction [152]
BR(Bs → µ+µ−)SM = (3.65± 0.23)× 10−9 . (2.34)
A generic expression for the branching ratio in presence of NP reads [153,154]
BR(Bs → µ+µ−)
BR(Bs → µ+µ−)SM =
(
|Sµµ|2 + |Pµµ|2
)
(2.35)
×
(
1
1 + ys
+ ys1 + ys
Re(P 2µµ)− Re(S2µµ)
|Sµµ|2 + |Pµµ|2
)
, (2.36)
where ys is the life-time difference of the Bs mesons, ys = (6.1±0.7)% [155]. In the
above expression we do not consider corrections due to a possible non-standard Bs
mixing phase φs [156]. Given the existing constraint on φs [148], such corrections
to the branching ratio are negligible.
In the SM, the coefficients P SMµµ = 1 and SSMµµ = 0. Corrections due to tree
level exchange of the neutral Higgs bosons are collected in the appendix A. As Bs
meson mixing puts strong constraints on m′bs we will set it to zero in the following
discussion. In the alignment limit and for mH = mA, as well as neglecting the life
time difference, the expression for BR(Bs → µ+µ−) simplifies to
BR(Bs → µ+µ−)
BR(Bs → µ+µ−)SM =
∣∣∣∣1± 1CSM10
(
4pi2
e2
)
m2Bs
m2A
t2β
m′∗µµ
mµ
∣∣∣∣2 (2.37)
+
∣∣∣∣ 1CSM10
(
4pi2
e2
)
m2Bs
m2A
t2β
m′∗µµ
mµ
∣∣∣∣2 , (2.38)
with the SM Wilson coefficient CSM10 ' −4.1. The plus (minus) sign in the first
term holds in the type 1B and the lepton-specific B models (type 2B and flipped B
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models). Note that the m′µµ parameter is approximately given by mµ in the
type 1B and flipped B models. In the type 2B and lepton-specific B models, m′µµ
is a free parameter of O(m2µ/mτ ). Consequently, we expect much more stringent
constraints in the type 1B and flipped B models as compared to the type 2B and
lepton-specific B models.
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Figure 2.8: Constraints in the mH = mA vs. tan β plane from Bs → µ+µ−
for benchmark scenarios in the four flavorful models. The regions above the blue
hatched contour are excluded by Bs → µ+µ− at the 2σ level. For comparison the
region excluded by direct searches for the heavy neutral Higgs bosons is shaded
in gray. We show searches in the τ+τ− channel (red), µ+µ− channel (green), bb¯
channel (orange), and di-jet channel (purple).
In Fig. 2.8 we show constraints in the plane of heavy Higgs mass mH = mA
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vs. tan β from Bs → µ+µ− in the four flavorful models. In all four models we set
cos(β − α) = 0 and m′bs = 0. In the type 1B and flipped B models we set the
(small) higher order corrections to m′µµ to zero, i.e. m′µµ = mµ. In the type 2B
and lepton-specific B models we set m′µµ = +m2µ/2mτ .
The constraints in the type 2B and lepton-specific B models depend strongly
on the choice of m′µµ. If m′µµ accidentally vanishes, the Bs → µ+µ− constraint
can be even completely avoided in these models. The bounds in the type 1B
and flipped B models, however, are robust. The higher order corrections to m′µµ
modify them typically by 10% or less. In these models, the shown bounds from
Bs → µ+µ− can only be avoided by postulating that the CKM matrix is generated
in the up-sector.
In comparison to the constraints from direct searches we observe that Bs →
µ+µ− gives stronger bounds in the type 1B and flipped B models. In the type 2B
and lepton-specific models, the direct searches in the τ+τ− channel tend to be
more constraining, instead.
2.5.3 Lepton flavor violating B meson decays
In the SM, the lepton flavor violating decays based on the b→ sτµ transition
are suppressed by the tiny neutrino masses and are far below any imaginable
experimental sensitivities. Observation of these decays would be clear sign of new
physics. In our setup, tree level exchange of neutral Higgs bosons can induce these
decays at levels that might become experimentally accessible.
Similarly to the lepton flavor conserving decay Bs → µ+µ− we express the
45
branching ratio of the two body decay Bs → τ+µ− as
BR(Bs → τ+µ−)
BR(Bs → µ+µ−)SM =
(
1− m
2
τ
m2Bs
)2 (
|Sτµ|2 + |Pτµ|2
)
×
(
1
1 + ys
+ ys1 + ys
Re(P 2τµ)− Re(S2τµ)
|Sτµ|2 + |Pτµ|2
)
, (2.39)
where the last line takes into account the effect of a non-zero life time difference
in the Bs system. An analogous expression holds for the decay Bs → µ+τ−. We
will use the notation Bs → τµ = Bs → τ+µ− + Bs → µ+τ−. The expressions for
the coefficients Pτµ and Sτµ are collected in the appendix A.
As in our discussion of the Bs → µ+µ− decay, we set m′bs = 0, cos(β−α) = 0,
mH = mA, and neglect the life time difference. In this case we find
BR(Bs → τµ)
BR(Bs → µµ)SM =
(
1− m
2
τ
m2Bs
)2 1
|CSM10 |2
(
4pi2
e2
)2
m4Bs
m4A
t4β
( |m′µτ |2
m2µ
+
|m′τµ|2
m2µ
)
. (2.40)
This expression holds in all four flavorful 2HDMs. For all types we have |m′τµ| ∼
|m′µτ | ∼ mµ. In the type 1B and the flipped B models, the possible values for
BR(Bs → τµ) are bounded by the measured BR(Bs → µ+µ−). Considering
|m′τµ|, |m′µτ | < 3mµ and 250 GeV < mA = mH < 1 TeV, we find the following
upper bounds
BR(Bs → τµ) .

1.5× 10−7 type 1B
4.0× 10−9 flipped B
(2.41)
Note that the given upper limits depend on the ranges of the m′ parameters that
we have chosen and that we believe to be a representative example of the Yukawa
structures that we consider in this work. For example, allowing |m′µτ | and |m′τµ|
to be as large as 5mµ would result in branching ratios that are larger by almost a
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factor of 3 compared to the bounds quoted in Eq. (2.41).
In the type 2B and lepton-specific B models, the constraint from Bs → τµ is
much weaker. In those models the strongest constraint comes from direct searches
for the heavy Higgs bosons in the τ+τ− channel (see Fig. 2.8). Values of BR(Bs →
τµ) ∼ few× 10−6 are possible in those models.
Lepton flavor changing decays involving electrons on the other hand are tiny.
Generically, we expect in all models
BR(Bs → τe) ∼ m
2
e
m2µ
× BR(Bs → τµ) ∼ 2× 10−5 × BR(Bs → τµ) , (2.42)
BR(Bs → µe) ∼ m
2
e
m2τ
× BR(Bs → τµ) ∼ 8× 10−8 × BR(Bs → τµ) . (2.43)
In addition to the Bs → τµ decay, tree level exchange of flavor violating Higgs
bosons also leads to three body semi-leptonic B meson decays like B → Kτµ,
B → K∗τµ, and Bs → φτµ.
We find that the B → K∗τµ and Bs → φτµ branching ratios are directly
correlated to the Bs → τµ branching ratio. Ignoring the life-time difference in the
Bs system and using the results from [157] (see also [158] for a related study) we
obtain for the differential branching ratio
dBR
dq2
(B → K∗τ+µ−) = 116pi2λ
3/2
(
1, q
2
m2B
,
m2K∗
m2B
)(
1− m
2
τ
q2
)2 (
1− m
2
τ
m2Bs
)−2
×q
2A20(q2)
m2Bf
2
Bs
τBm
5
B
τBsm
5
Bs
× BR(Bs → τµ) , (2.44)
where λ(a, b, c) = a2 + b2 + c2− 2(ab+ac+ bc). An analogous expression holds for
Bs → φτµ. For the Bs meson decay constant we use fBs ' 224 MeV [159]. The
B → K∗ and Bs → φ form factors A0 are taken from [160]. Integrating over q2,
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we find
BR(B → K∗τµ) ' 2.9× 10−2 × BR(Bs → τµ) , (2.45)
BR(Bs → φτµ) ' 3.3× 10−2 × BR(Bs → τµ) . (2.46)
Using the bounds and generic expectations for Bs → τµ in the different flavorful
models discussed above, we find that BR(B → K∗τµ) and BR(Bs → φτµ) can be
at most few ×10−9 in the type 1B model and ∼ 10−10 in the flipped B model, re-
spectively. In the type 2B and lepton-specific B models, however, these branching
ratios can be as large as ∼ 10−7.
We find similar results also for the B → Kτµ decay. The fact that B → K
is a pseudoscalar to pseudoscalar transition, while B → K∗ and Bs → φ are
pseudoscalar to vector transitions has little impact numerically. We find that
BR(B → Kτµ) can be as large as few ×10−9 in the type 1B model, ∼ 10−10 in
the flipped B model, and ∼ 10−7 in the type 2B and lepton-specific B models4.
2.6 Conclusions
Little is known experimentally about the tiny couplings of the Higgs boson
to the light flavors of quarks and leptons. It is thus interesting to study possible
alternative origins of mass for the light flavors beyond the 125 GeV Higgs boson.
As an example, we analyzed a particular class of 2HDMs with non-trivial flavor
structure. In analogy to the four, well studied 2HDMs with natural flavor con-
servation (NFC), we identified four models that preserve an approximate U(2)5
flavor symmetry acting on the first two generations. We refer to them as type 1B,
4Also baryonic decays Λb → Λτµ can arise. While a detailed discussion of baryonic decays
is beyond the scope of this work, we generically expect similar results.
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type 2B, lepton-specific B, and flipped B. In these flavorful 2HDMs, interesting
flavor violating phenomena involving the third generation of fermions can be ex-
pected, while the U(2)5 flavor symmetry still protects flavor violating transitions
between the first and second generations.
We studied the production and decay modes of the neutral and charged Higgs
bosons of the models, as well as various low energy flavor violating observables,
and identified the signatures of the flavorful models that are qualitatively different
from the models with NFC.
With regards to the collider phenomenology we find:
• Measurements of Higgs signal strengths give important constraints on the
mixing between the two CP-even Higgs bosons, h and H. In the type 2,
lepton-specific, and flipped models, the constraints are very similar for the
models with NFC and our flavorful models. In the type 1 models the con-
straints are markedly different due to large modifications of the charm and
muon couplings in the type 1B model.
• The main heavy Higgs production and decay modes in the type 2B and
flipped B models are similar to those in their counterparts with NFC. The
highest sensitivity to the type 2B model is achieved in searches for high
mass τ+τ− resonances. The flipped B model is largely unconstrained at
hadron colliders. The most promising search channels are µ+µ−, bb¯, and
di-jet resonances depending on the mass range.
• In the lepton-specific B model, the production of the heavy neutral and
charged Higgs bosons at large tan β is much larger than in the corresponding
model with NFC. This opens up the possibility to directly probe the large
tan β regime of the lepton-specific B model at hadron colliders in the τ+τ−
channel.
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• In all flavorful models, the neutral Higgses can have sizable flavor violating
branching ratios. In particular, we find that at large tan β typically BR(H →
tc) ∼ 10%. Furthermore, BR(H → τµ) ∼ 0.1%−1%. These flavor violating
branching ratios depend on unknown model parameters and can vary by a
factor of few.
The most interesting features in the flavor phenomenology are:
• In all four flavorful models we find strong constraints from Bs and Bd meson
mixing. We find that in the large tan β regime the relevant entries in the
down quark mass matrices m′bs, and m′bd have to be considerably smaller
than their nominal values m′bs ∼ ms and m′bd ∼ md. This might call for an
underlying flavor model.
• Under the assumption that the CKM matrix is generated in the down sector,
the measured value of BR(Bs → µ+µ−) gives strong constraints in the mA
vs. tan β parameter space of the type 1B and flipped B models. In the
type 2B and lepton-specific B models, this constraint is much weaker and
can be completely avoided.
• Lepton flavor violating rare B meson decays might be at an experimentally
accessible level. In particular, in the type 2B and lepton-specific B models,
BR(Bs → τµ) could be as large as few×10−6 while BR(B → K(∗)τµ) and
BR(Bs → φτµ) could be as large as 10−7, potentially in reach of LHCb.
Lepton flavor violating decay modes with electrons are predicted to be orders
of magnitude smaller.
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Chapter 3
Rare Top Decays as Probes of
Flavorful Higgs Bosons
In the previous chapter we considered a F2HDM setup in which the CKM was
generated in the down sector. This led to interesting phenomenological implica-
tions for interactions that dealt with down type quarks. In this chapter we will
instead generate the CKM matrix in the up quark sector. This generically will
lead to interesting up sector dynamics, most notably a dramatic increase in the
rates of t→ hc and t→ hu as compared to the SM predictions.
In Sec. 3.1 we discuss F2HDMs with a CKM matrix that originates in the up
sector and identify a setup that dynamically generates the required flavor structure
of the up Yukawa using the FN mechanism. In Sec. 3.2 we consider the stringent
constraints on the model from the rare decay b→ sγ. In Sec. 3.3 we first update
the SM predictions for the branching ratios of the rare decays t→ hu and t→ hc.
We then study how these decays are affected by the tree-level flavor-changing
Higgs couplings htc and htu and compare the F2HDM predictions for the t→ hu
and t→ hc branching ratios with existing and expected experimental sensitivities.
In Sec. 3.4 we discuss related effects of the model on neutral D meson mixing and
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the collider phenomenology of the heavy Higgs bosons, identifying features that
are different from the down type F2HDMs studied in chapter 2 and in [13]. We
conclude in Sec. 3.5.
3.1 Flavorful 2HDMs with Up Sector CKM
Since the hierarchies in the up quark masses are different than those in the
CKMmatrix, the flavor-locking mechanism is not suitable for generating appropri-
ate Yukawa textures for an “up type” F2HDM. We will therefore use the Froggatt-
Nielsen mechanism, which explains the hierarchy of quark masses and mixing by
introducing an abelian flavor symmetry – which we will denote by U(1)FN – that
distinguishes different fermion flavors. The flavor symmetry is broken by the vev
of a SM-singlet scalar field, S, that carries a U(1)FN charge QS = +1. This break-
ing is communicated to the SM fermions by higher dimensional operators leading
to Yukawa couplings that are suppressed by powers of a small symmetry-breaking
parameter  = 〈S〉/ΛS, where ΛS  v, v′ is the scale associated with the breaking
of U(1)FN. In the resulting effective theory, the Yukawa Lagrangian is given by 1
− LeffYuk ⊃
∑
i,j
(〈S〉
ΛS
|xuij |(Qiuj)Φ˜ +
(〈S〉
ΛS
|x′uij |(Qiuj)Φ˜′
, (3.1)
where the powers x(′)uij are determined from the charge assignments of the Higgs
and quark fields under U(1)FN, and we have omitted model dependent prefactors
of O(1). In terms of the parameter  ≈ 0.22 we aim for the following relations for
1Here we only describe the up quark sector, but an analogous discussion applies for down
quarks and leptons as well.
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the quark masses and the CKM matrix elements
mu
vw
∼ 8 , mc
vw
∼ 3 , mt
vw
∼ 0 , md
vw
∼ 7 , ms
vw
∼ 5 , mb
vw
∼ 3 ,
|Vus| ∼ λc ∼  , |Vub| ∼ λ3c ∼ 3 , |Vcb| ∼ λ2c ∼ 2 , (3.2)
with the electroweak breaking vev in the SM vw =
√
v2 + v′2 ' 246 GeV and the
Cabibbo angle λc ' 0.22.
In order to obtain the rank 1 structure of the Yukawa couplings of Φ required
by the F2HDM scenario, we introduce an additional U(1)′ symmetry. A rank 1
Yukawa coupling λu and simultaneous generation of the CKM matrix by λ′u is
possible by charging either the left-handed quark doublet Q3 or the right-handed
top U3 under the additional symmetry. 2HDMs with a right-handed top that is
singled out by a symmetry have been discussed e.g. in [16, 24]. Here we follow
the second option and set the U(1)′ charges Q′Φ = −Q′Q3 = +1, while leaving
the right-handed top uncharged. We will see that this leads to highly predictive
scenarios.
The remaining charge assignments depend on the type of F2HDM under con-
sideration as well as on the value of the parameter tan β = v/v′ that can provide
part of the fermion mass hierarchies. We restrict the following discussion to the
quark sector. The extension to charged leptons is straight forward.
Type IB and Lepton-Specific B: In these types, the coupling of Φ to both
up type and down type quarks are rank 1. Given our choice of U(1)′ charges
discussed above, the charge of the right-handed bottom quark is required to be
Q′d3 = −2. While all other quarks remain uncharged under the U(1)′. For a given
value of tan β, the scaling in (3.2) fixes all U(1)FN Froggatt-Nielsen charges up a
few discrete choices. In Tab. 3.1 we show all inequivalent charge assignments in
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tan β S Φ Φ′ Q1 Q2 Q3 u1 u2 u3 d1 d2 d3
∼ 1/ U(1)FN 1 0 0 2 1 0 5 1 0 4 3 ±3
∼ 1/2 U(1)FN 1 0 0 1 0 0 5 1 0 4 3 ±3
U(1)′ 0 1 0 0 0 1 0 0 0 0 0 -2
Table 3.1: Charges of the Froggatt-Nielsen scalar S, the two Higgs doublets Φ
and Φ′ and quark fields under the U(1)FN and U(1)′ symmetries in the type IB
and lepton-specific B models for the two choices of tan β ∼ 1/ and tan β ∼ 1/2.
the cases tan β ∼ 1/ ∼ 5 and tan β ∼ 1/2 ∼ 25. The charge assignments lead
to the following structure for the Yukawa couplings
vλu ∼ vw

0 0 0
0 0 0
|a| 1 1
 , v′λ′u ∼ vw

8 4 3
|b| 3 2
0 0 0
 , (3.3a)
vλd ∼ vw

0 0 0
0 0 0
0 0 3
 , v′λ′d ∼ vw

7 6 0
|c| 5 0
0 0 0
 , (3.3b)
with the powers |a| = 5 or 7 or 9, |b| = 7 or 9, and |c| = 6 or 8, depending on
the charge assignments and tan β. It is easy to check that the diagonalization of
the quark masses that are induced by these Yukawa couplings leads to a CKM
matrix with the right texture that is indeed dominantly generated from the up
quark rotation. Interestingly, the powers |a|, |b|, and |c| are not observable in
the IR. More importantly, in the quark mass eigenstate basis, the flavor structure
of all couplings of the Higgs bosons are entirely determined by the known quark
masses and CKM elements. The couplings of the physical Higgs mass eigenstates
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h,H,A,H± to the quarks can be parameterized by
−LYuk ⊃
∑
i,j
(d¯iPRdj)
(
h(Y dh )ij +H(Y dH)ij − iA(Y dA)ij
)
+ h.c.
+
∑
i,j
(u¯iPRuj)
(
h(Y uh )ij +H(Y uH)ij + iA(Y uA )ij
)
+ h.c. (3.4)
+
√
2
∑
i,j
(
(d¯iPRuj)H−(Y u± )ij − (u¯iPRdj)H+(Y d±)ij
)
+ h.c. .
For all charge assignments we find for the up quark couplings
vwY
u
h =
cα
sβ

0 0 0
0 0 0
0 0 mt
−
sα
cβ

mu 0 0
0 mc 0
0 0 0
+
cβ−α
sβcβ
Mˆu , (3.5a)
vwY
u
H =
1
tβ
sα
cβ

0 0 0
0 0 0
0 0 mt
+ tβ
cα
sβ

mu 0 0
0 mc 0
0 0 0
−
sβ−α
sβcβ
Mˆu , (3.5b)
vwY
u
A = −
1
tβ

0 0 0
0 0 0
0 0 mt
+ tβ

mu 0 0
0 mc 0
0 0 0
−
1
sβcβ
Mˆu , (3.5c)
vwY
u
± = −
1
tβ

0 0 0
0 0 0
muV
∗
ub mcV
∗
cb mtV
∗
tb
+ tβ

muV
∗
ud mcV
∗
cd mtV
∗
td
muV
∗
us mcV
∗
cs mtV
∗
ts
0 0 0
 ,(3.5d)
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and for the down quark couplings
vwY
d
h =
cα
sβ

0 0 0
0 0 0
0 0 mb
−
sα
cβ

md 0 0
0 ms 0
0 0 0
 , (3.6a)
vwY
d
H =
1
tβ
sα
cβ

0 0 0
0 0 0
0 0 mb
+ tβ
cα
sβ

md 0 0
0 ms 0
0 0 0
 , (3.6b)
vwY
d
A = −
1
tβ

0 0 0
0 0 0
0 0 mb
+ tβ

md 0 0
0 ms 0
0 0 0
 , (3.6c)
vwY
d
± = −
1
tβ

0 0 Vubmb
0 0 Vcbmb
0 0 Vtbmb
+ tβ

Vudmd Vusms 0
Vcdmd Vcsms 0
Vtdmd Vtsms 0
 , (3.6d)
The angle α in the above expressions parameterizes the mixing between the neutral
scalar Higgs bosons h and H. The mass matrix Mˆu that enters the up quark
couplings is given by
Mˆu =

mu|Vub|2 mcVubV ∗cb mtVubV ∗tb
muVcbV
∗
ub mc|Vcb|2 mtVcbV ∗tb
muVtbV
∗
ub mcVtbV
∗
cb −mt(|Vcb|2 + |Vub|2)
 . (3.7)
The proof that the flavor structure of the Higgs couplings in the type IB and
lepton-specific B models is indeed entirely determined by known quark masses
and CKM elements is given in the appendix B. Note that the neutral Higgs cou-
plings are flavor diagonal in the down sector. Therefore, there are no tree level
contributions to e.g. B and K meson oscillations and rare B meson decays. In
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tan β S Φ Φ′ Q1 Q2 Q3 u1 u2 u3 d1 d2 d3
∼ 1/ U(1)FN 0 0 0 0 +1 +2 -7 -3 -2 -7 -6 -4
U(1)′ 0 +1 -1 +1 +1 -1 0 0 0 0 0 0
Table 3.2: Example charges of the Froggatt-Nielsen scalar S, the two Higgs
doublets Φ and Φ′ and quark fields under the U(1)FN and U(1)′ symmetries in the
type IIB and lepton-specific B models for tan β ∼ 1/.
the up sector, the neutral Higgs couplings are flavor violating but the amount
of flavor violation is controlled by the CKM matrix. Remarkably, the only free
parameters in the couplings are tan β and the Higgs mixing angle α, making the
type IB and lepton-specific B models with up-sector CKM highly predictive.
Type IIB and Flipped B: In these types, the coupling of Φ to the up type
quarks and the coupling of Φ′ to the down type quarks are rank 1. We find that
with our U(1)′×U(1)FN setup, it is not possible to construct Yukawa matrices for
the down type quarks that exactly mirror the couplings in Eq. (3.3b), but with
the role of λd and λ′d exchanged.
However, we find that the λ′d couplings can still be made rank 1, with a
consistent flavor structure as long as tan β ∼ 1/ ∼ 5. In contrast to the type IB
and lepton-specific B setups discussed above, we find that λd and λ′d necessarily
contain mixing between the third and the first two generations. One example set
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of charges is given in Tab. 3.2 which leads to
vλu ∼ vw

0 0 0
0 0 0
5 1 0
 , v′λ′u ∼ vw

8 4 3
7 3 2
0 0 0
 , (3.8a)
vλd ∼ vw

7 6 4
6 5 3
0 0 0
 , v′λ′d ∼ vw

0 0 0
0 0 0
6 5 3
 . (3.8b)
The more generic structure of the down quark Yukawas implies that the CKM
matrix is partly generated also from the rotations in the down sector. Corre-
spondingly, in the type IIB and flipped B models only the generic scaling of the
couplings of the physical Higgs bosons can be predicted. The precise values of the
physical Higgs couplings depend on unknown O(1) parameters.
As we will see in Sec. 3.2, constraints from the rare decay B → Xsγ push
the masses of the additional Higgs bosons to uninterestingly large values in the
type IIB and flipped B models. We therefore forgo an in-depth discussion of
constructing the mass matrices and couplings in those types.
3.2 Constraints from Rare B Decays
As discussed in the previous section, in the type IB and lepton-specific B mod-
els the neutral Higgs bosons couple to down type quarks in a flavor diagonal way.
Many constraints from FCNCs in the down quark sector are therefore automati-
cally avoided. There is one important exception: the b→ sγ decay. We find that
1-loop contributions from charged Higgs bosons can lead to sizable NP effects
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in the b → sγ transition.2 Both the SM prediction [161] and the experimental
measurements of the B → Xsγ rate [148] have uncertainties of less than 10%
and are in good agreement with each other, resulting in strong constraints on
non-standard effects.
The new physics effects induced by charged Higgs loops can be described by
modifications of the Wilson coefficients C7 and C8 of an effective Hamiltonian
HNPeff = −
4GF√
2
VtbV
∗
ts
e2
16pi2 (∆C7Q7 + ∆C8Q8) , (3.9)
with the dipole operators
Q7 =
1
e
mb(s¯σµνPRb)F µν , Q8 =
gs
e2
(s¯σµνT aPRb)Gµνa , (3.10)
Using the results from [162] we find for the charged Higgs contribution in the
type IB and lepton-specific B scenarios
∆C7 =
m2t
m2H±
f7
(
m2t
m2H±
)
, (3.11a)
∆C8 =
m2t
m2H±
f8
(
m2t
m2H±
)
. (3.11b)
In the type IIB and flipped B scenarios the Wilson coefficients are only determined
up to model dependent O(1) factors
∆C7 = O(1)×
(
m2t
m2H±
g7
(
m2t
m2H±
)
+ tan2 β m
2
t
m2H±
h7
(
m2t
m2H±
))
, (3.12a)
∆C8 = O(1)×
(
m2t
m2H±
g8
(
m2t
m2H±
)
+ tan2 β m
2
t
m2H±
h8
(
m2t
m2H±
))
. (3.12b)
2We also checked 1-loop charged Higgs contributions to the Bs → µ+µ− decay and tree level
charged Higgs contributions to the B → τν and B → D(∗)τν decays and found that they are
negligible in regions of parameter space that are allowed by b→ sγ.
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The loop functions f7,8, g7,8, and h7,8 are given in appendix C. Note that in
our type IB and lepton-specific B scenarios the contributions are independent of
tan β, while the contributions in the type IIB and flipped B scenarios contain
terms that are proportional to tan2 β and can become extremely large in regions
of parameter space with large tan β. This is in contrast to 2HDMs with natural
flavor conservation, where the contributions are proportional to 1/ tan2 β (type I
and lepton-specific) and independent of tan β (type II and flipped).
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Figure 3.1: Constraints from the b → sγ transition in the charged Higgs mass
mH± vs. tan β plane. The dark gray region is excluded in the type IB and lepton-
specific B scenarios at the 95% C.L. The light gray region is excluded in the
type IIB and flipped B scenarios at the 95% C.L.
Using the constraints on the Wilson coefficients from b → sγ transitions de-
rived in [163] and taking into account 1-loop renormalization group running be-
tween the electroweak scale and the b scale, we find at the 95% C.L.
− 0.032 < η 1623∆C7 + 83
(
η
14
23 − η 1623
)
∆C8 < 0.027 , (3.13)
with η = αs(mt)/αs(mb) ' 0.52.
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The corresponding constraints are shown in the plots of Fig. 3.1 in the charged
Higgs mass mH± vs. tan β plane. In the case of the type IB and lepton-specific B
models, we find a tan β independent bound on the charged Higgs mass of mH± &
800 GeV. In the type IIB and flipped B models, we show as illustration the case
where the free O(1) parameters are set to exactly 1. In these types of models,
the b → sγ constraint is highly dependent on tan β, e.g. mH± & 800 GeV for
tan β = 1, but mH± & 15 TeV for tan β = 10. Varying the O(1) coefficients shifts
the exclusion line up or down by an order one factor.
Note that because of the SU(2)L gauge symmetry, the masses of the heavy
scalar and pseudoscalar Higgs differ from the charged Higgs mass only by a small
amount: mH ' mA ' mH± with splittings of the order of v2/m2H± . 10%. The
bounds on the charged Higgs mass from b→ sγ therefore hold approximately for
the masses of the heavy scalar and pseudoscalar Higgs as well.
As discussed in Sec. 3.1, for the purpose of generating the fermion mass hi-
erarchy we have in mind values of tan β ∼ 1/λc ∼ 5 or tan β ∼ 1/λ2c ∼ 25. In
the type IIB and flipped B models, we see that the b → sγ constraints therefore
strongly disfavor Higgs bosons with masses at the TeV scale. This remains true
even if we take into account generous choices of the free O(1) parameters. With
this in mind we focus our remaining analysis on the type IB and lepton-specific B
models.
3.3 Rare Top Decays
In the SM, flavor-changing top quark decays t → hq are both loop and GIM
suppressed, and are predicted to have very small branching ratios. Using the
results from [164, 165] for the partial widths Γ(t → hq) and normalizing to the
t→ Wb decay width which dominates the total top width, we derive the following
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compact expression for the branching ratios
BR(t→ hq)SM = G
2
Fm
4
b
4pi4 |Vqb|
2
(
1−m2h/m2t,pole
)2
(
1− m2W
m2t, pole
)2(
1 + 2 m
2
W
m2t, pole
)F ( m2t
m2W
,
m2h
m2W
)
. (3.14)
The branching ratio is suppressed by four powers of the bottom mass, as expected
from GIM. We use the bottom MS mass at the scale of the topmb(mt) = 2.73GeV.
Note that we are using the top pole mass in the phase space factors, but the top
MS mass in the loop function F . The explicit expression for F is given in the
appendix D. For central values of the Higgs mass mh = 125.18GeV [166] and the
top MS mass mt(mt) = 163.4GeV (corresponding to a top pole mass of mt, pole =
173.0GeV [166]) we find F ' 0.48. By far the largest uncertainties in the rare
top branching ratios are due to the CKM factors |Vcb| = (42.2± 0.8)× 10−3 [166]
and |Vub| = (3.94 ± 0.36) × 10−3 [166] and due to higher order QCD effects that
we estimate by varying the renormalization scale of the bottom MS mass mb(µ)
in the range mt/2 < µ < 2mt. We obtain
BR(t→ hu)SM =
(
3.66+0.94−0.70 ± 0.67
)
× 10−17 , (3.15a)
BR(t→ hc)SM =
(
4.19+1.08−0.80 ± 0.16
)
× 10−15 , (3.15b)
where the first uncertainty is due to the variation of the renormalization scale
and the second is due to the CKM matrix elements. The current strongest exper-
imental bounds on these decays are obtained by the ATLAS experiment, using
an integrated luminosity of 36 fb−1 of pp collision data with
√
s = 13 TeV in
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multi-lepton final state searches [36], and read
BR(t→ hu) < 0.12% (3.16a)
BR(t→ hc) < 0.11%, (3.16b)
The predicted values for these processes in the SM are far below the current
sensitivities shown above. The projected sensitivities for the rare top decays at
the high luminosity LHC (HL-LHC) for an integrated luminosity of 3 ab−1 at 14
TeV are O(10−4) [38,40]. The projections for the Future Circular Collider (FCC)
indicate sensitivities comparable to the HL-LHC for the t→ hu decay and about
an order of magnitude stronger for the t → hc decay [41]. The Compact Linear
Collider (CLIC) could also place a limit comparable to the HL-LHC for the t→ hc
decay [39].
The Yukawa textures in Sec. 3.1 generate flavor-changing couplings for the
SM-like Higgs boson, allowing for the rare top decays to appear at tree-level.
Approximating the total width of the top quark by its dominant partial decay
width to a W boson and a b quark, the branching ratios of the rare decays can be
written as
BR(t→ hq) ' 2|Vqb|2 cos
2(β − α)
sin2 β cos2 β
(
1−m2h/m2t, pole
)2
(
1−m2W/m2t, pole
)2(
1 + 2m2W/m2t, pole
)
' cos
2(β − α)
sin2 β cos2 β ×

9.2× 10−4 for t→ hc ,
8.0× 10−6 for t→ hu .
(3.17)
As long as cos(β−α) 6= 0, the rare top decay branching ratios can be many orders
of magnitude larger than the SM values, making these processes in our model
accessible to current and future colliders. If cos(β−α) = 0 (the so called alignment
63
limit) the couplings of the 125GeV Higgs are exactly SM-like. Deviations of
cos(β − α) from 0 are constrained by measurements of Higgs production and
decays at the LHC. The constraints depend strongly on tan β. In the appendix E
we show the allowed regions in the cos(β−α) vs. tan β plane, taking into account
all relevant LHC results on Higgs signal strength measurements.
In Fig. 3.2 we use these allowed regions to give predictions for the rare top
branching ratios as a function of tan β in the type IB model (left) and lepton-
specific B model (right). The region in gray is excluded by the current ATLAS
limits, while the dotted horizontal lines correspond to projected sensitives from
the HL-LHC [40], the FCC [41], and CLIC [39].
In the lepton-specific B model, we observe two disjoint regions of parameter
space. The upper region opens up for tan β & 10 and corresponds to a scenario
where some of the Higgs couplings differ from the SM prediction by a sign, but
are otherwise equal in magnitude. Such a scenario predicts BR(t → hu) ' 6 ×
10−5 and BR(t → hc) ' 7 × 10−3 and is already excluded by the existing LHC
constraints from [36].
In general our models can give values for BR(t → hu) and BR(t → hc) that
are much larger than the SM prediction, and can be in reach of current or future
experimental sensitivities. In the case of t → hu, the current LHC constraint
from [36] does not probe the parameter space of our model. Also future projections
from the the HL-LHC are unlikely to probe our model as they barely touch the
region of predicted branching ratio values. The FCC-hh will start to cut into
interesting parameter space of t → hu with a projected sensitivity of the order
10−5.
For the t → hc decay channel, the current LHC constraints already probe
part of our model parameter space for moderate to large values of tan β & 10.
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Figure 3.2: The branching ratios t → hc (top) and t → hu (bottom) as a
function of tan β in the type IB model (left) and lepton-specific B model (right).
The blue and purple shaded regions are consistent with Higgs signal strength
measurements. The dashed horizontal lines labeled “ATLAS” are the current
best upper bounds on the branching ratios [36]. The dotted horizontal lines are
the future projections from the HL-LHC, the FCC, and CLIC.
Projections from the HL-LHC and CLIC will be also sensitive to parameter space
with much lower choices of tan β.
For completeness we also considered the effects of flavor-violating Higgs cou-
plings on the rare top quark decays t→ qZ and t→ qγ, which can be generated
65
at the loop level by closing the Higgs line in the t→ hq diagram. The branching
ratios for these processes can be estimated as
BR(t→ qZ/γ) ∼ BR(t→ hq)×
 g2
16pi2
mt
mW
2 ∼ BR(t→ hq)× 10−5. (3.18)
The strongest projected sensitivities on t → qZ are from FCC-eh [41] and are
of the order of 10−6, while the strongest projected sensitivities on t → qγ come
from FCC-hh [41] and are of the order of 10−7. Given that the current bounds
on BR(t → hq) are O(10−3) we predict branching ratios for t → qZ and t → qγ
that are at most O(10−8), and thus below the sensitivities of current and future
experiments, making observation of these processes in our model challenging.
3.4 Related Signatures
Although the primary motivation for this model is to explore enhanced t→ hq
decays, the flavor structure of the up Yukawa couplings leads to other interesting
features and signatures. We examine possible effects on D meson mixing that
arise from tree-level exchange of neutral Higgs bosons. We also consider the
collider phenomenology of the heavy neutral and charged Higgs bosons (H, A,
H±), identifying the most prominent production and decay modes.
3.4.1 Enhanced D Meson Mixing from Flavorful Higgs
Bosons
In the SM, D0 − D¯0 mixing proceeds through loop diagrams and is parame-
terized by the absolute values of the dispersive and absorptive part of the mix-
ing amplitude, x12 = 2|MD12|τD, y12 = |ΓD12|τD, and their relative phase φ12 =
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Arg(MD12/ΓD12), where τD is the lifetime of the D0 meson.
The current world averages for the mixing parameters are [148]
xexp12 = (0.43+0.10−0.11)% , y
exp
12 = (0.63± 0.06)% , φexp12 = (−0.25+0.96−0.99)◦ . (3.19)
In our model, we generically predict tree level Higgs contributions to D0 − D¯0
mixing. The corresponding effect on the dispersive part of the mixing amplitude
is given by
MD12 = m3D
f 2D
v2w
(VcbV ∗ub)2
s2βc
2
β
[
1
4B4η4
(
c2β−α
m2h
+
s2β−α
m2H
+ 1
m2A
)
mu
mc
−
(
5
24B2η2 −
1
48B3η3
)(
c2β−α
m2h
+
s2β−α
m2H
− 1
m2A
)]
, (3.20)
where the decay constant of the D0 meson is fD ' 212MeV [167], the bag param-
eters are B2 ' 0.65, B3 ' 0.96, B4 ' 0.91 [144], and the 1-loop renormalization
group factors are η2 ' 0.68, η3 ' −0.03, η4 = 1 [12]. The absorptive part Γ12 is
unaffected in the model. The results for the mixing amplitude are independent
of the type of F2HDM, they hold both in type IB and in the lepton-specific B
model.
Despite the fact that the neutral Higgs bosons contribute to D0−D¯0 mixing at
tree level, the approximate SU(2)5 flavor symmetry of the F2HDMs ensures that
their contributions are very small, suppressed by small quark masses and CKM
matrix elements. For Higgs boson masses around 1TeV and values of tan β as large
as 100, we find that the NP contribution to D0− D¯0 mixing is much smaller than
the uncertainties in Eq. 3.19. Improvements in precision by more than two orders
of magnitude would be required to become sensitive to the predicted non-standard
effects in our models.
67
3.4.2 Collider Phenomenology of Heavy Higgs Bosons
The F2HDMs considered here offer a rich set of phenomenological conse-
quences. Not only do these models predict additional Higgs bosons that could
be within reach of the LHC but the introduction of tree-level FCNCs means that
we anticipate distinct signatures coming from the new Higgs bosons that set this
model apart from more traditional 2HDMs.
Heavy Higgs Production and Decays
There are several production modes via which the heavy Higgs bosons can
be produced at the LHC. Due to the enhanced off-diagonal couplings in the up
quark sector we expect top associated production, see Fig. 2.2, to contribute with
a sizable cross section.
In order to evaluate the production cross sections, we follow the steps described
in chapter 2. The results for the production cross sections are identical for the
type IB and lepton-specific B models. The cross sections of the heavy neutral
HiggsH and the charged HiggsH± at 13 TeV proton-proton collisions as a function
of tan β for fixed Higgs masses of 1TeV and cos(β − α) = 0.05 are shown in the
upper plots of Fig. 3.3. Small values of cos(β − α)  1 are motivated by the
constraints from Higgs signal strength measurements (see appendix E).
For the neutral scalar H, associated production with a top and gluon-gluon
fusion are the dominant production modes. At low tan β gluon-gluon fusion is
largest because the coupling to tops is unsuppressed. As tan β increases the gluon-
gluon fusion rate drops and is overtaken by top associated production which is
enhanced for large tan β. The dominant production cross sections for the heavy
pseudoscalar A are almost identical to those of the heavy Higgs. For the charged
Higgs, top associated production is the largest production mechanism over the
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Figure 3.3: Production cross sections (top) and branching ratios (bottom) of the
heavy neutral Higgs H (left) and the charged Higgs H± (right) in the flavorful
2HDM of type IB as a function of tan β with the masses mH and mH± fixed to
1 TeV and cos(β − α) = 0.05.
full range of tan β values.
The branching ratios of the heavy neutral Higgs H and the charged Higgs H±
are shown in the lower plots Fig. 3.3 in the type IB model. Results in the lepton-
specific B model are almost identical. The main difference in the lepton-specific B
model is the presence of a ττ branching ratio at the level of few percent, which is
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strongly suppressed in the type IB model.
As expected, for moderate to large tan β the dominant decay mode of H is the
flavor-changing H → ct. The branching ratio to tt¯ can be substantial, however
this decay mode primarily plays a role for small tan β which is less motivated
by the quark mass hierarchy. For moderate tan β we also notice that the gauge
bosons can contribute at a level between 1 − 10%. The branching ratios of the
charged Higgs tend to be dominated by ts and tb decays. In particular, for low
tan β tb dominates. Once tan β becomes larger than about 5 we see ts dominates
for the rest of the parameter space. In addition to the most dominant decays, we
see that at the level of a few percent or lower we can expect decays to W±h.
Collider Signatures
The constraints on this model from existing searches for heavy Higgs boson are
very weak due to the unique flavor structure. The overwhelming decay of the neu-
tral Higgses to ct means the branching ratio to other modes is highly suppressed
as seen in Fig. 3.3. Typical search channels at the LHC are through these sup-
pressed channels, such as µµ, ττ , V V , and jj, making the prospects of discovering
a heavy Higgs through these channels very weak. Also, the standard searches for
charged Higgs bosons in the τν channel hardly constrain our parameter space,
due to the strongly reduced branching ratios H± → τν. Unique signatures that
are relevant to collider searches of our model are driven by the large non-standard
decay modes H,A→ tc, and H± → ts.
The charged Higgs produced via top associated production and subsequent
decay to ts leads to opposite-sign tops that do not reconstruct a resonance. This
is similar to charged Higgs bosons in 2HDMs with natural flavor conservation.
The unique feature with respect to 2HDMs with natural flavor conservation is
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that the accompanying jet of the tt¯ system is not a b-jet but a strange jet. The
cross section for the tt¯ + jet signature as a function of tan β and charged Higgs
mass is shown in the right plot of Fig. 3.4. We find cross sections that can easily
exceed 100 fb for Higgs masses of O(1TeV) and sizable tan β. The shaded region
to the left of the vertical line at Higgs masses of around 800GeV is excluded by the
constraint from b→ sγ. Existing searches for charged Higgs bosons that decay to
tb [168,169] make heavy use of b-tagging and are therefore not directly applicable
in our scenario. Our work motivates dedicated studies of the pp → tH− → tt¯s
signature.
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Figure 3.4: Cross section of same-sign tops plus jet from the production and
decay of a neutral heavy Higgs H (left) as well as opposite-sign tops plus jet from
the production and decay of a charged Higgs (right) in the considered flavorful
2HDM of type IB in the plane of Higgs mass vs. tan β. The gray shaded regions
for light Higgs masses are excluded by b → sγ constraints (see Sec. 3.2). The
triangle shaped gray region for large tan β is excluded by existing searches for
same-sign tops [170]. Throughout the plots we set cos(β − α) = 0.05.
The heavy neutral Higgs being produced through top associated production
along with a decay into tc leads also to a final state with di-tops that do not
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reconstruct a resonance. In our flavorful 2HDMs, 50% of the time the final state
will be same-sign tops, in contrast to 2HDMs with natural flavor conservation that
only produce opposite sign tops. Same-sign tops have been identified as important
probes in a number of new physics scenarios, including RPV SUSY [171], 2HDMs
[24,172,173], additional scalars [174,175], colored vectors [176], and effective field
theories [177]. The cross section of same-sign tops in our scenario is shown in the
left plot of Fig. 3.4 in the plane of Higgs mass vs. tan β. For Higgs masses of
O(1TeV) we find cross sections up to 1 pb. The shaded region to the left of the
vertical line at Higgs masses of around 800GeV is excluded by the constraint from
b→ sγ assuming that mH ' mH± .
In [170] searches for same-sign leptons are interpreted in a benchmark model
in which same-sign tops are created by a neutral spin-1 mediator. Assuming
that the acceptances and efficiencies are comparable in our scenario with a scalar
mediator, we find that the large tan β region is already partly probed by the
existing search. We show the region that is excluded by the same-sign top search
also in the charged Higgs plot, assuming that mH ' mH± . Keeping in mind that
our pp → Ht → ttc¯ cross section approximately scales as tan2 β, we expect that
parameter space with tan β as low as ∼ 10 might be probed by same-sign top
searches at the high luminosity LHC.
3.5 Conclusions
Rare top decays are strongly suppressed in the SM and their observation at
existing or planned colliders would be a clear indication of new physics. One new
physics framework that can lead to branching ratios of t → hc and t → hu in
reach of current or future colliders are flavorful 2HDMs.
In this work we explored a version of flavorful 2HDM where quark mixing
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dominantly resides in the up quark sector, leading to FCNCs in the up quark sector
at tree level. We constructed a flavor model based on U(1) flavor symmetries which
successfully reproduces the measured quark masses and CKM mixing angles. We
find that our model is highly predictive as the flavor structure of all Higgs couplings
is fully determined by the quark masses and CKM matrix elements.
We give predictions for t → hc and t → hu rates in our model and show
that the branching ratios can reach values of BR(t → hc) ∼ 10−2 and BR(t →
hu) ∼ 10−4 (see Fig. 3.2) without violating constraints from Higgs signal strength
measurements at the LHC. Existing bounds on BR(t→ hc) from the LHC already
start to constrain model parameter space. Expected sensitivities at the high-
luminosity LHC or future colliders will be able to probe broad regions of parameter
space. In passing we also provide updated predictions for the t→ hc and t→ hu
branching ratios in the SM (see Eq. 3.14).
We explored additional effects of the up quark FCNCs in low energy flavor
violating processes. In particular, we find that 1 loop effects in the rare B decay
b → sγ lead to strong constraints on the masses of the additional Higgs bosons
of at least ∼ 800GeV. On the other hand, constraints from D meson mixing are
weak in our setup.
Finally, we explored the phenomenology of the heavy neutral and charged
Higgs bosons of the F2HDM. We find that both neutral and charged Higgses are
mainly produced in association with top quarks. The by far dominant decay modes
are tc and ts, respectively. These final states are not typical search channels of
Higgs bosons in traditional 2HDMs. Therefore, current constraints from colliders
are weak. The most prominent signatures of the models are pp→ tH− → tt¯s, i.e.
opposite sign tops + jet, and in particular pp → tH → ttc¯, i.e. same-sign tops
+ jet. Cross sections of these signatures can be of the order of 100 fb for Higgs
73
masses around 1TeV (see Fig. 3.4). Our results in the F2HDM framework moti-
vate continued searches for same-sign tops and provides an additional benchmark
model in which future same-sign top searches can be interpreted.
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Chapter 4
Doubly Blind Spots in Scalar
Dark Matter Models
As discussed, DM is both one of the most interesting and pressing questions in
the landscape of modern particle physics. Although, historically WIMP models
have been an elegant solution to DM many experiments have come up empty in an
effort to discover the ever elusive WIMP. In this chapter we provide a framework
in which 2HDMs (both standard and flavorful) can reconcile the WIMP paradigm
with current experiments.
In sec. 4.1 we lay out the basic ingredients and parameters of the 2HDM+S
model that we will discuss. In sec. 4.2 we give an in-depth look at how to form
blind spots in a generic 2HDM+S setup. In sec. 5.4 we consider the broader
implication of these blind spots and how they can open up parameter space that
has previously been ruled out. Finally, we conclude in sec. 6.
75
4.1 Generic Two Higgs Doublet Model + Singlet
As we will see, the flavor structure of the quarks has the largest impact on the
phenomenology of the DM in these models. Of the eight possibilities discussed
(four “type A” models and four “type B” models) there are only four different ways
to couple the quarks. Both up- and down-type quarks can be coupled in the same
way (type 1A/B, lepton-specific A/B) or they can be coupled in the opposite way
(type 2A/B, flipped A/B). Therefore, without loss of generality, for this analysis
we will focus on the type 1A/B and type 2A/B models as they represent the four
unique ways to couple the quarks.
The characteristic pattern of Higgs couplings to the SM quarks in the dif-
ferent types of 2HDMs is determined by two angles: α and β, where α is the
mixing between the two neutral scalar components of the doublets φ1 and φ2, and
tan β = v1/v2 is the ratio of the vacuum expectation values of φ1 and φ2. The
corresponding terms in the Lagrangian which contain the physical scalar Higgs
bosons and quarks can be written as
L ⊃∑
q
q¯q (yq,h h+ yq,H H), (4.1)
where yq,h and yq,H represent the flavor diagonal couplings of the quarks q to
the SM-like and heavy Higgs, respectively. As discussed, these couplings are
characteristic for a given type of 2HDM. Although previously listed we repeat the
couplings of the two scalar Higgs to the fermions in a slightly different form in
order to make explicit the scaling that is relevant to the 2HDM+S model. The
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SM-like Higgs couplings can be expressed in terms of α and β as
yt,h =
mt
v
cosα
sin β all types (4.2a)
yb,h =
mb
v
×

cosα
sinβ type 1A , 1B
− sinαcosβ type 2A , 2B
, (4.2b)
yc(u),h =
mc(u)
v
×

cosα
sinβ type 1A , 2A
− sinαcosβ type 1B , 2B
, (4.2c)
ys(d),h =
ms(d)
v
×

cosα
sinβ type 1A , 2B
− sinαcosβ type 1B , 2A
, (4.2d)
where v =
√
v21 + v22 ' 246GeV is the SM Higgs vev. For the heavy Higgs boson
we have
yt,H =
mt
v
1
tan β
sinα
cos β all types (4.3a)
yb,H =
mb
v
×

1
tanβ
sinα
cosβ type 1A , 1B
tan β cosαsinβ type 2A , 2B
, (4.3b)
yc(u),H =
mc(u)
v
×

1
tanβ
sinα
cosβ type 1A , 2A
tan β cosαsinβ type 1B , 2B
, (4.3c)
ys(d),H =
ms(d)
v
×

1
tanβ
sinα
cosβ type 1A , 2B
tan β cosαsinβ type 1B , 2A
. (4.3d)
Additional small corrections to the couplings are present in the flavorful models
(type 1B and type 2B) as seen in eq. 2.8.
The other ingredient in the framework we consider here is a real scalar singlet
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S, which is assumed to be charged under a discrete Z2 symmetry. This scalar
singlet only interacts with the SM through the “Higgs portal”, i.e. through gauge-
invariant, renormalizable operators of the type S2φ†iφj. The terms in the scalar
potential that contain the singlet S are
VS = m2SS2 + λSS4 + λS1|φ1|2S2 + λS2|φ2|2S2 + (λS12φ†1φ2 + λ∗S12φ†2φ1)S2 . (4.4)
We assume that m2S is positive such that S does not obtain a vacuum expectation
value and the Z2 symmetry that stabilizes S remains unbroken. The quartic
interactions between the singlet S and the doublets φ1 and φ2 are parameterized
by the real couplings λS1 and λS2 and the in general complex coupling λS12 .
In order to obtain the couplings of the DM S to the physical Higgs bosons the
Lagrangian must be rotated to the mass basis. Defining the interactions with the
mass eigenstates as
L ⊃ S2 (h gSSh +H gSSH + AgSSA) , (4.5)
we find
gSSh = v(λS1 sin β cosα− λS2 cos β sinα + Re(λS12) (4.6a)
× (cos β cosα− sin β sinα)),
gSSH = v(λS1 sin β sinα + λS2 cos β cosα + Re(λS12) (4.6b)
× (sin β cosα + cos β sinα)),
gSSA = −v=(λS12). (4.6c)
In the following we will assume that the tree-level scalar potential conserves
CP, and therefore set =(λS12) = 0, such that there are no couplings between the
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dark matter and a single pseudoscalar Higgs. This choice has little impact on our
main results. The pseudoscalar interactions lead to spin dependent dark matter
scattering, and the corresponding bounds are several orders of magnitude weaker
than those from spin independent scattering mediated by the scalars.
4.2 Experimental Constraints and Blind Spots
We consider four constraints on the framework under consideration: the ther-
mal relic density of the dark matter candidate (which we enforce to be reflective
of the universal dark matter density), spin-independent direct detection, indirect
detection via gamma-ray observations, and invisible Higgs decays. In this section
we show how the parameters of this model can conspire such to create blind spots
in the constraints from direct detection experiments and invisible Higgs decays.
The relic density refers to the abundance of DM particles left over from freeze
out in the early universe versus the inferred abundance of cosmological DM. The
latter was measured by PLANCK (utilizing other data sets as well) to be Ωh2 =
0.1198± 0.0015 [178]. Any viable DM candidate must predict the relic density to
be no greater than Ωh2, barring modification to the universe’s expansion history.
In our model we consider a standard freeze out scenario where the DM is in
thermal equilibrium with the SM in the early universe, which we assume to be
radiation dominated. At this time the DM can annihilate into SM particles, but
eventually falls out of thermal equilibrium leaving behind some relic abundance.
DM is abundant in many astrophysical objects and the annihilation of DM into
SM particles can generically lead to an excess of gamma rays. Indirect detection
searches for signatures of DM in gamma ray spectra, and sets constraints on
DM models in the absence of any significant excess over background [54–57].
Notice that the annihilation of DM into SM particles is a relevant process for
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both determining the relic abundance and understanding indirect detection, so
these two processes are correlated, even though the relevant center-of-mass energy
for the thermal decoupling process is biased at slightly larger values since the
decoupling happens at finite temperature.
Figure 4.1: The two leading order Feynman diagrams that contribute to the
direct detection cross section. Left: tree-level scattering of the singlet S, through
either the SM-like or heavy Higgs off of light quarks ql. Right scattering of the
DM through loops of heavy quarks qh with the gluons in the nucleon.
Direct detection experiments use nucleons as a target for DM to scatter. When
the DM scatters off of nuclei, the latter subsequently recoil; this recoil can then
be measured and provides information on the mass and coupling of the DM (see
e.g. [179] for a recent review). In simple scalar DM models the Higgs mediates the
DM-nucleon interaction via direct interaction with the light constituent quarks of
the nucleons, or through heavy quark loops with gluons, as shown in fig. 4.1. The
addition of a second Higgs doublet allows for a second mediator to this process
and, generically, the scattering amplitudes can destructively interfere, leading to
suppression in the direct detection bounds. This is one of the blind spots we
consider below.
Low mass DM,mS < 12mh, can also be produced at colliders through the decay
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of the SM-like Higgs h→ SS, which results in an invisible decay of the Higgs. Both
the ATLAS and CMS experiments are searching for invisible Higgs decays and
are setting bounds on the Higgs to invisible branching ratio [180, 181]. The most
stringent direct bound comes from CMS and reads BR(h→ invisible) < 19% [180].
The decay rate of h → SS is determined in large part by the coupling of gSSh,
the effective coupling of the Higgs to the DM. Similarly to direct detection, there
exist regions of parameter space in our model which make gSSh small, effectively
avoiding invisible Higgs constraints. This is the second type of blind spot we will
consider.
4.2.1 Blind Spots in Direct Detection
First, we consider the blind spot in direct detection experiments. The spin-
independent DM scattering cross section (σSIDM) on a nucleon N reads
σSIDM =
1
8pi(mN +mS)2
∣∣∣∣∣∣
∑
X=h,H
gSSXm
2
N
m2X
 ∑
q=u,d,s
yq,XfTq +
∑
q=c,b,t
2
27yq,XfTG
∣∣∣∣∣∣
2
.
(4.7)
The parameters yq,X represent the couplings of the quarks to the SM-like Higgs
and heavy Higgs and are given in eqs. (4.2) and (4.3). The couplings of the DM
to the Higgs bosons, gSSX , are given in eq. (4.6). The parameters fTq and fTG
represent the nucleon form factors for the quarks interacting with the nucleons in
the detector [182]. Blind spots occur for σSIDM = 0, so we must have that
gSSh
gSSH
m2H
m2h
= −
∑
q=u,d,s yq,HfTq +
∑
q=c,b,t
2
27yq,HfTG∑
q=u,d,s yq,hfTq +
∑
q=c,b,t
2
27yq,hfTG
. (4.8)
Note that to obtain this condition no statement has been made about the
flavor structure of the 2HDM. Therefore, this cancellation is a generic feature of
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2HDM+S models and is ultimately fixed by the choice of quartic scalar couplings
λS1 , λS2 , and λS12 , the flavor structure (“type”) of 2HDM, and the 2HDM param-
eters α, β, and mH . Although this is a generic feature of any flavor structure,
here we focus on the type 1A, type 1B, type 2A, and type 2B structures. As
discussed above, the type 1A/B and type 2A/B models represent the four ways
of coupling the quarks in the standard flavor conserving 2HDMs, and flavorful
2HDMs. By analyzing these four models we obtain a representative overview of
the phenomenology of the blind spots in 2HDM+S models, and how they are
affected by the choice of flavor structure.
Figure 4.2: Bands corresponding to the position of the direct detection blind
spot in the plane of the quartic scalar couplings λS1 and λS2 . The finite widths
of the shown bands correspond to a variation of the nuclear form factors by 1σ.
We show the blind spot regions in four types of 2HDMs: type 1A (orange), 2A
(purple), 1B (red) and 2B (green).
In fig. 4.2 we show where the direct detection cancellation arises in the λS1 vs
λS2 plane for an exemplary choice of the other model parameters: mH = 300GeV,
cos(β − α) = 0, tan β = 5, and λS12 = 0. The choice cos (β − α) = 0 (or
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more generally, cos (β − α)  1) corresponds to SM-like couplings of the light
Higgs boson h. This is motivated by the good agreement of Higgs couplings
measurements at the LHC with SM predictions [3, 99, 106, 183–187]. Setting the
coupling λS12 to zero can be enforced by a Peccei-Quinn type symmetry acting on
the Higgs doublets [188].
The width of the bands in fig. 4.2 correspond to a 1σ variation of the nucleon
form factors [182]. For type 1A models the cancellation occurs for a larger hierar-
chy between λS1 and λS2 as compared to other types of models. This is because
all the couplings to the heavy Higgs are sub-leading in this model, causing the
cancellation between the diagrams occurring at smaller values of gSSh, and hence
generally smaller values of λS1 . The other three flavor structures all have similar
values for quartic couplings in the cancellation regions as the heavy Higgs plays a
larger role forcing gSSh to take on larger values than in the type 1A model. The
precise location of the cancellation regions also depends on the choice of tan β
and mH . Larger values of mH generically require larger values of λS2 for the
cancellation to occur.
Note that the cancellation arises if one of the two quartic couplings λS1 or
λS2 are negative. Negative terms in the potential can lead to the potential being
unbounded from below, meaning there could exist field directions for which the
potential goes to negative infinity. To study this possibility, we parameterize the
three neutral scalar directions as follows:
S = R cos θ (4.9)
φ01 = R sin θ cosφ (4.10)
φ02 = R sin θ sinφ (4.11)
and study the positivity of the largest powers of R, which is R4, in the potential
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on the sphere defined by the angles θ, φ. The requirement that the potential be
positive as R→∞ then reads:
λS1 sin θ2 cos θ2 cosφ2 + λS2 sin θ2 cos θ2 sinφ2 + λS cos θ4
+ 2λS12 sin θ2 cos θ2 sinφ cosφ+
λ1
2 sin θ
4 cosφ4
+ λ22 sin θ
4 sinφ4 + λ345 sin θ4 cosφ2 sinφ2 > 0, (4.12)
where the λi, i = 1, . . . , 5 are quartic couplings in the 2HDM potential as defined
in [189] and λ345 = λ3 + λ4 + λ5. In the region of interest to us, λS1 takes
smaller values compared to λS2 . For this reason we take λS1 to be negative; under
this assumption and assuming that λS, λ1, λ2, λ345 are O(1) and positive, then
eq. (4.12) can be always satisfied, and thus the potential is stable.
4.2.2 Blind Spots in Invisible Higgs Decays
The second blind spot occurs for invisible Higgs decays. The decay width of
the Higgs to the DM is given by
Γ(h→ SS) = g
2
SSh
32pimh
1− 4m2S
m2h
1/2 (4.13)
From this expression it is clear that we have a blind spot centered around gSSh = 0.
Using eq. (4.6) we see that this cancellation occurs when,
λS1
λS2
= tanαtan β , (4.14)
where we have set λS12 = 0. For simplicity, we keep this choice for remainder of
the analysis, but note that this gives no fundamental difference to the analysis.
Blind spots exist for any choice of λS12 , and are simply shifted in the parameter
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space when λS12 6= 0.
Figure 4.3: Regions of parameter space in the cos β − α vs tan β plane with blind
spots for invisible Higgs decays for DM mass mS = 45GeV and heavy Higgs mass
mH = 300GeV or mH = 1000GeV. The region excluded by invisible Higgs decays
is shaded in blue, with the exact cancellation line in dashed blue. The bound and
the cancellation line depend on the choice of λS1 and λS2 but are independent
of the 2HDM flavor structure. Overlaid are the direct detection blind spots that
occur for our four benchmark 2HDMs.
By imposing that the invisible Higgs branching ratio BR(h→ SS) < 0.19 [180],
we find that gSSh/v has to be less than O(0.1) (the exact value changes depending
on the choice of mS). We show, in fig. 4.3, under which conditions the direct de-
tection cancellations overlap with parameter space where gSSh is sufficiently small
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to avoid invisible Higgs decay constraints. We show this for the DM matter mass
of mS = 45GeV, with various choices for λS1 and λS2 (corresponding to the four
panels in fig. 4.3). Invisible Higgs decays exclude the region shaded in blue, with
the exact cancellation line in dashed blue. The bound and the cancellation line
depend on the choice of λS1 and λS2 but are independent of the type of 2HDM.
Overlaid are the direct detection blind spots that occur for our four benchmark
2HDMs for two masses of the heavy Higgs mH = 300GeV or mH = 1000GeV. For
a heavy Higgs mass of 300GeV, the direct detection cancellation in the type 2A,
type 1B, and type 2B occurs for values of tan β outside the shown plot range.
The type 1A model avoids the constraints most easily as regardless of the
parameters of the model the cancellation regions for direct detection and invisible
Higgs decay are generally very similar. As mentioned above, in the type 1A
model the quarks primarily couple to the SM-Higgs and thus the direct detection
cancellation is driven by gSSh being small just like invisible Higgs decay. For the
other models we see that generally as λS1 is lowered the bound from the invisible
Higgs decays is weakened. However, as we will see below this also generally
coincides with regions of parameter space where the DM is overabundant. With
this in mind the most promising parameter space for “double blind spots” occurs
for moderate values of λS1 and λS2 .
4.2.3 Fine Tuning of the Blind Spots
The question of how “natural” the blind spots we point out are is connected to
what extent the parameters must be finely tuned for those blind spots to occur.
Fine tuning refers to scenarios in which a single or several parameters must take
on very specific values in order for a model to be consistent. The presence of
accidental cancellations in our model could be associated with potentially large
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Figure 4.4: The fine tuning of the direct detection blind spot (left) and the
invisible Higgs decays blind spot (right) in the λS1 vs. λS2 plane, for the type 1A
model. The darker regions represent areas of higher tuning. For direct detection
the black lines show the contours for the tuning, and the blue line shows where
the exact cancellation lies. For invisible Higgs decays the black lines show the
contours for the tuning, and the pink line shows the exact cancellation.
fine tuning. One way to quantify the fine tuning of a function is to employ the
quantity [190]
g(~x) =
n∑
i=1
∣∣∣∣∣ xif(xi) ∂f(xi)∂xi
∣∣∣∣∣ , (4.15)
where g(~x) is the amount of tuning in the function f(~x). We show the fine tuning of
our model in fig. 4.4, where xi = λSi , i = 1, 2, considering both the direct detection
cross section and the invisible Higgs width. Generally, the tuning is mild in both
models, but as expected the tuning gets very large directly at the cancellation
lines. As we will discuss later based on current experimental constraints one does
not necessarily need to live exactly on this constraint, particularly for higher dark
matter masses. So, there is still probable parameter space that does not suffer
from large fine tuning. However, for low mass DM the tuning can be quite large.
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4.3 Phenomenology of Blind Spots
Figure 4.5: Constraints in the λS1 vs λS2 plane in the type 1A model for cos(β−
α) = 0, tan β = 5, mH = 300 GeV, and various increasing values of dark matter
mass mS. The color coding of the various constraints is specified in the legend.
In order to better understand the physical parameter space of the blind spots
and the resulting phenomenology we study the cancellations in the context of the
four 2HDMs discussed above (type 1A, type 2A, type 1B, type 2B). We implement
the four models in the micrOMEGAs framework [191], modifying the default inert
doublet model of micrOMEGAs to have the coupling structures under considera-
tion, and use this to calculate the relic density and indirect detection limits. The
direct detection cross section and invisible Higgs decays strengths are calculated
analytically from the expressions in eq. (4.7) and eq. (4.13).
We explore the parameter space of the quartic couplings λS1 and λS2 for various
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Figure 4.6: Constraints in the λS1 vs λS2 plane in the type 1A model for a dark
matter mass mS = 45GeV and heavy Higgs mass mH = 300GeV, varying the
values for cos(β − α), tan β. The color coding of the constraints is as in fig. 4.5.
choices of the dark matter mass mS, the 2HDM parameters cos(β − α) and tan β
and the type of 2HDM.
In fig. 4.5, we focus on the type 1A model and varymS = 10, 30, 50, 300, 1000GeV
for fixed cos(β − α) = 0, tan β = 5 (as in fig. 4.2). The white regions are allowed
by all constraints. We see that generally as the DM mass is increased the con-
straints on the model are weakened. The two phenomenologically distinct regions
of parameter space are when the DM mass is below and above half the Higgs
mass. If mS > 12mh the constraints from invisible Higgs decays are automatically
avoided. The constraints from direct detection are also particularly strong for the
chosen lighter dark matter masses, mS = 10, 30, 50GeV. For those masses only a
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thin band close to the direct detection blind spot corresponds to viable parameter
space. With this in mind, in the following we consider two benchmark masses of
mS = 45 GeV and mS = 300 GeV.
In fig. 4.6 we show how the parameter space varies for different angles cos(β−α)
and tan β. We observe that moderate values of tan β are favorable for these
scenarios. As tan β gets small the couplings of the quarks to the heavy Higgs
increases (for the type 1A model), this causes destructive interference between the
annihilation channels of DM through SM-like and heavy Higgs which constrains
small values of tan β (this is specific to the type 1A model). We do not find viable
parameter space for tan β & 10 due to stronger constraints from direct detection
and the relic density. This gives us a sweet spot for moderate values of tan β where
the DM can efficiently annihilate in the early universe. cos(β−α) has only a small
impact on the results, making the relic density only slightly more constraining.
Considering this along with the constraints on the 2HDM parameter space, as
shown in chapter 2, we focus on the benchmark case of cos(β − α) = 0, tan β = 5
in the following.
In fig. 4.7 we show the constraints for fixed dark matter mass mS = 45 in the
different types of 2HDMs. In the type 2A, type 1B, and type 2B models, the low
DM mass regions are still highly constrained by the combination of relic density,
direct detection and invisible Higgs decays. In particular, in the region where
DM is not overabundant the direct detection blind spots and the invisible Higgs
blind spots do not overlap in these types. Only in the type 1A model we have
a viable doubly blind spot, where direct detection and invisible Higgs decays are
simultaneously avoided. However, in order for this doubly blind spot to occur we
see that the fine tuning must be quite high as shown in, fig. 4.4. Although the
doubly blind spot only occurs for one of the benchmark models it is still in stark
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Figure 4.7: Constraints in the λS1 vs λS2 plane for dark matter mass mS =
45GeV, heavy Higgs mass mH = 300GeV, cos(β − α) = 0, and tan β = 5. We
show type 1A (top left), type 2A (top right), type 1B (bottom left), and type 2B
(bottom right). The color coding of the constraints is as in fig. 4.5.
contrast to simple SM+S WIMP models where this region is ruled out by both
direct detection and invisible Higgs decays.
Finally the benchmark case of a heavy dark matter mass mS = 300GeV is
shown in fig. 4.8 for the four types of 2HDMs. In this high mass region DM
direct detection constraints are alleviated in a much larger portion of parameter
space for all four flavor structures and the invisible Higgs constraint is completely
absent. This shows that for a variety of flavor structure when the DM mass is
high we can expect the direct detection blind spot to open up a large portion
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Figure 4.8: Constraints in the λS1 vs λS2 plane for mS = 300GeV, mH =
300GeV, cos(β − α) = 0, and tan β = 5. We show type 1A (top left), type 2A
(top right), type 1B (bottom left), and type 2B (bottom right). The color coding
of the constraints is as in fig. 4.5.
parameter space. This blind spot becomes more confined as one lowers the DM
mass and more generous as one increases the mass. Similarly, the relic density
constraints are much weaker for the high mass DM candidates. Overall, this leads
to some viable parameter space in all four benchmark models. Additionally, the
viable parameter space in the high DM mass regime can exist quite far from the
cancellation lines, where the fine tuning is low, unlike the low mass case where the
viable parameter space only occurs in high fine tuning regions. We also see that
the non-standard flavor structure of the type B models allow for an even more
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generous parameter space than the traditional flavor diagonal structures for the
high mass DM benchmark.
It is important to remember that for all DM masses explored above, the SM+S
model is already excluded by either direct detection or invisible Higgs decays
(outside of the resonant region). So, by adding a second Higgs doublet we provide
regions of parameter space where DM candidates can exist at much lower masses
than are possible in the SM+S case. Additionally, although we explored several
fixed flavor structures the cancellations can occur for any generic flavor structure,
and are in no way associated only to the structures considered here.
4.4 conclusions
The WIMP DM paradigm is a simple explanation to the question of the nature
of the dark matter in the universe. However, such paradigm has come in recent
years under greater and greater pressure as a result of constraints from direct
detection experiments as well as from results on the invisible Higgs decay modes.
In this work we presented a model where one can take advantage of a second
Higgs doublet in order to evade the constraints which invalidate most regions of
parameter space of simpler WIMP models based on the existence of a singlet
scalar field.
In particular, we find at DM masses below half the Higgs mass mS < 12mh
that one can evade both direct detection and invisible Higgs decay constraints for
flavor structures that are type 1A-like as a result of generic blind spots producing
exact or approximate cancellations. Such cancellations depend in detail on the
choice of the 2HDM parameters cos(β − α), tan β and mH , but generally persist
when the couplings of the fermions are primarily associated to the SM-like Higgs.
We also consider the scenario where the DM mass is large, mS > 12mh, where
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we find that direct detection can be avoided for all considered 2HDM flavor struc-
tures. This primarily arises because one no longer needs to avoid the constraints
imposed by invisible Higgs decays. Generically, we see that as the dark matter
mass increases, the parameter space further opens up. There is also a weak de-
pendence on the choice of cos(β − α), tan β and mH . Mostly these choices affect
the constraint of the relic density. Smaller values of cos(β−α) and tan β typically
result in a more open parameter space.
Overall, we find that with the inclusion of a second Higgs doublet one can
access a much larger range of DM masses than in simpler models. This depends
somewhat on the flavor structure of these models; however, in all the flavor struc-
tures considered, blind spots that facilitate the evasion of direct detection and
collider constraints do exist, and, more generally, as we showed, blind spots can
exist in any generic 2HDM setup.
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Chapter 5
Twinned Flavorful Two Higgs
Doublet Models
One intriguing possibility of flavorful two Higgs doublet models is that they
can be combined with the well studied twin Higgs models in order to provide a
more complete theory to explain the little hierarchy problem. In this chapter we
explore this possibility and identify the interesting phenomenological implications
of this union.
In sec. 5.1; in sec. 5.2 we describe the details of the setup of our twin F2DM
and discuss the resulting physical Higgs mass eigenstates and their couplings to
both the SM and twin sector particles; in sec. 5.3 we discuss the bounds on the
model from Higgs signal strength measurements and the most important flavor
constraint, the Bs → µµ decay; finally, in sec. 5.4 we look at the phenomenology
of this model, particularly focusing on displaced decays occurring in regions of
parameter space that are unique to this setup.
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5.1 Twin Higgs Models
The twin Higgs mechanism stabilizes the Higgs mass up to some moderate
scale, Λ, usually considered to be around 10 TeV. Above this scale some additional
new physics is invoked to protect the Higgs mass up to the Planck scale. The
largest contributions to the Higgs mass at the scale Λ are the 1-loop top quark
correction, the 1-loop SU(2)L correction, and the 2-loop QCD correction. In the
twin Higgs model a twin sector exists with new degrees of freedom which cancel
these contributions to the Higgs mass. Here we briefly review two versions of the
twin sector: the mirror model and the fraternal model. More detailed discussions
of these models and the underlying protection mechanism can be found in [68]
and [77], respectively.
The twin Higgs mechanism is based on an approximate SU(4) symmetry that
is respected by the scalar sector. An SU(4) fundamental scalar Φ contains two
doublets φ and φˆ, parameterized as
Φ =
φ
φˆ
 =

φ+
(v + S + iη)/
√
2
φˆ+
(vˆ + Sˆ + iηˆ)/
√
2

, (5.1)
with the potential
V (φ, φˆ) = −µ2|Φ|2 + λ|Φ|4 + κ|φ|4 + κˆ|φˆ|4 − σµ2|φ|2 . (5.2)
Besides the SU(4) symmetric mass term µ2 and the quartic coupling λ, the po-
tential includes a soft SU(4) breaking term σ, which allows a misalignment of the
SM and twin vevs, v and vˆ, and the parameters κ and κˆ are hard breaking terms,
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Figure 5.1: Diagrams showing the loop contributions to the Higgs mass from
the top quark (left) and from the twin top (right).
which help to reduce fine tuning [79]. We identify φ as a SU(2)L Higgs doublet
in the SM sector and φˆ is the corresponding doublet in the twin sector.
After symmetry breaking and rotating to the physical mass eigenstates results
in two physical scalar bosons that we identify as a SM-like Higgs (h) and a twin
Higgs (hˆ) which are mixed states of S and Sˆ. The mixing angle is of order O(v/vˆ).
The particle content of the twin sector is where the mirror and fraternal re-
alizations of the twin Higgs mechanism differ. We first consider the mirror twin
Higgs model where the twin sector is an exact copy of the SM sector containing
the same forces, particles, and couplings that the SM does.
The mixing of states S and Sˆ results in the h mass receiving loop contribu-
tions from both fermions and twin fermions, as shown in fig. 5.1. The twin top
contribution comes with a relative minus sign as compared to the top contribution
causing these two diagrams to cancel. In similar fashion to the top quarks the
twin contributions from the weak gauge bosons and two loop gluon contributions
to the Higgs mass are exactly the same as the SM contribution with a relative
minus sign. This is the fundamental mechanism that stabilizes the Higgs mass in
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twin Higgs models. The total correction to the Higgs mass from these loops is [77]
δm2h =
∑
f
NfΛ2
4pi2 (y
2
f − yˆ2fˆ ) +
9Λ2
32pi2 (g2(Λ)
2 − gˆ2(Λ)2) + 3y
2
tΛ2
4pi4 (g3(Λ)
2 − gˆ3(Λ)2), (5.3)
where gˆ2 is the strength of the twin SU(2)L, gˆ3 is the strength of the twin SU(3),
and yˆfˆ are the twin Yukawa couplings. The color factor Nc = 3 for quarks
and Nc = 1 for leptons. The mirror twin Higgs demands the couplings in the
twin sector and the visible sector being equal, thus leading to δm2h above being
zero. However, the mirror twin Higgs setup also contains light twin fermions and
a massless twin photon. These additional light degrees of freedom in the twin
sector lead to tension with cosmology. This inspired a minimal version of the twin
Higgs model known as the fraternal twin Higgs model.
The fraternal twin Higgs model adds the minimum new physics necessary to
stabilize the Higgs. The particle content in the twin sector consists of a twin top,
a twin SU(2)L and a twin SU(3). In this setup the couplings of these particles
are free parameters. From eq. 5.3 we see that to ensure that the Higgs mass is
not significantly tuned up to Λ ∼ 10 TeV one requires
∣∣∣∣∣∣ yˆt(Λ)− yt(Λ)yt(Λ)
∣∣∣∣∣∣ . 0.01,
∣∣∣∣∣∣ gˆ2(Λ)− g2(Λ)g2(Λ)
∣∣∣∣∣∣ . 0.1,
∣∣∣∣∣∣g3(Λ)− gˆ3(Λ)g3(Λ)
∣∣∣∣∣∣ . 0.1. (5.4)
In order for the twin SU(3) to be anomaly free there must exist a right handed
twin bottom. For the twin SU(2) to be anomaly free one need an SU(3) neutral
SU(2) doublet, which contains the left handed twin tau and twin neutrino. In
order to make the twin tau and neutrino massive one also introduces a right
handed twin tau and twin neutrino. Thus, the minimal particle content of the
fraternal twin Higgs model contains a twin Higgs doublet, a full third generation
of twin fermions, and twin gauge interactions based on the gauge groups SU(2),
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and SU(3).
To ensure the twin fermions other than the top do not reintroduce large cor-
rections to the Higgs mass we demand that
yˆ2
fˆ
. 4pi
2
3Λ2 δm
2
h + y2f ∼ 0.002×
(
10TeV
Λ
)2 (
δmh
125GeV
)2
, (5.5)
where in the last step we neglected the small SM Yukawas yf . The above criterion
translates into yˆfˆ being no larger than ∼ 0.5× 10−2, depending on the maximum
acceptable value for δmh.
5.2 Twin Two Higgs Doublet Models
Both the mirror and fraternal twin Higgs models successfully stabilize the
Higgs mass up to order Λ. However, they have unique phenomenological chal-
lenges. The mirror twin Higgs needs new physics which can reconcile the model
with cosmology, while the fraternal twin Higgs model leaves us with no explana-
tion for the lack of the first two generations in the twin sector. Here we describe
how the addition of a new source of mass generation in the form of a second Higgs
doublet might provide a resolution to these issues. We also show how the mirror
and fraternal version of a 2HDM setup can be mapped onto one another.
5.2.1 Mirror Setup
We propose a mirror twin Higgs inspired model where both the visible sector
and the twin sector are realized as flavorful 2HDMs with the structure described
in chapter 2.
In this realization we have four doublets φ1, φˆ1, φ2 and, φˆ2, where φ1 and φ2
live in the visible sector and φˆ1 and φˆ2 live in the twin sector. The fields are
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arranged into SU(4) multiplets
Φ1 =
φ1
φˆ1
 , Φ2 =
φ2
φˆ2
 . (5.6)
We will consider a scenario in which φ1 and φˆ1 couple to the third generation
particles in the visible and twin sector, respectively, and φ2 and φˆ2 couple to the
first two generations in the visible and twin sector, respectively. The most generic
potential for Φ1 and Φ2 looks like
V (Φ1,Φ2) = −µ21|Φ1|2 − µ22|Φ2|2 + λ1(Φ†1Φ1)2 + λ2(Φ†2Φ2)2
+ λ3|Φ1|2|Φ2|2 + λ4|Φ†1Φ2|2 +
λ5
2
(Φ†1Φ2)2 + h.c.

+ m212
φ†1φ2 + h.c.
+ mˆ212
φˆ†1φˆ2 + h.c.
+ σ1µ21(φ†1φ1) + σ2µ22(φ†2φ2)
+ κ1(φ†1φ1)2 + κˆ1(φˆ†1φˆ1)2 + κ2(φ†2φ2)2 + κˆ2(φˆ†2φˆ2)2, (5.7)
where σ and σˆ allow the misalignment of vevs v1 and v2 from vˆ1 and vˆ2, respec-
tively. The terms containing κ1, κ2, κˆ1, and κˆ2 help reduce the fine tuning needed
to construct a hierarchy in the vevs. The terms containing m12 and mˆ12 are mass
parameters that mix the doublets φ1 and φˆ1 with φ2 and φˆ2, respectively.
As shown in [192] this setup is a self consistent extension of the twin Higgs
model and provides the same cancellations as in the traditional twin Higgs setup.
However, we now have extra sources of mass generation in the SM sector from φ2
and the twin sector from φˆ2. Constraints from cosmology (in particular Neff ) can
be avoided by making the twin degrees of freedom sufficiently heavy, i.e. heavier
than O(1) GeV.
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The first two generations in the visible and twin sector have masses
mf1,2 =
yf1,2v2√
2
, mfˆ1,2 =
yf1,2 vˆ2√
2
. (5.8)
Due to the mirror symmetry the only way to make the first two generations of
twin fermions heavy is to make the vacuum expectation value vˆ2 much larger
than v2 (see [193] for a different mechanism to raise the masses of the fermions
in the twin sector.) Characteristic values for v1/v2 ≈ 10 (motivated to explain
the hierarchy between the third and the second generation of SM fermions) and
requiring that the lightest mirror particles to be O(1) GeV, leads to vˆ2 ≈ 10 TeV.
We thus envision the following set of vevs
v2 ∼ O(10GeV) , v1 ∼ O(100GeV) , vˆ1 ∼ O(1TeV) , vˆ2 ∼ O(10TeV) . (5.9)
We can approximate the amount of fine tuning needed to put the vevs in this
hierarchical structure as [194]
v1 − Tuning ∼ 2v
2
1
vˆ21
∼ 10−2, v2 − Tuning ∼ 2v
2
2
vˆ22
∼ 10−6. (5.10)
This means the tuning of v1 vs. vˆ1 is order percent level, but the tuning of v2 vs.
vˆ2 is substantial, of order 10−6.
In addition to the fermions, also the twin photon needs to be sufficiently heavy
to avoid cosmological bounds. Two options to do this are: breaking electromag-
netism in the mirror sector, or simply removing the U(1) hypercharge in the twin
sector. In both cases the mirror symmetry of the model is weakened. In the
following we will focus on the scenario where there is no twin U(1) hypercharge.
The setup we have described so far leads to a large number of O(1GeV) par-
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ticles in the twin sector resulting in a complicated, yet rich set of dynamics. We
leave a detailed discussion of this scenario to future work. Instead, we focus on a
simplified setup which takes the twin Yukawas as free parameters in order to make
the first and second generation twin fermions sufficiently heavy to be irrelevant
for the Higgs phenomenology that we will discuss below.
By taking yˆf to be free parameters (up to the bound imposed by eq. 5.5) we
can push the masses of the twin first and second generation particles to O TeV, for
vˆ2 ∼ 10 TeV. In such a setup, the low energy phenomenology will be determined
by the twin third generation, the twin SU(3) and φˆ1, while all the other twin
states are effectively decoupled.
5.2.2 Fraternal Setup
Another approach to a twin flavorful 2HDM is to construct a model inspired
by the fraternal twin Higgs. Starting from a flavorful 2HDM with doublets φ1 and
φ2, we add a third doublet φˆ1, with φ1 and φˆ1 being part of an approximate SU(4)
symmetry. The doublets φ1 and φˆ1 are responsible for the mass generations of the
third generation particles in their respective sectors. The visible sector doublet
φ2 provides mass to the first and second generation fermions in the visible sector,
which have no counterparts in the mirror sector. The twin sector consists of a
Higgs doublet, a twin SU(2), a twin SU(3), and the third generation of twin
fermions.
5.2.3 Twin F2HDM
The two approaches mentioned above both result in the same particle content
and forces at low scales. Regardless of the high scale setup we will refer to the
low energy simplified model as the twin F2HDM.
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The potential for the twin F2HDM can be derived from eq. 5.7 with φˆ2 inte-
grated out. This leaves an effective three Higgs doublet potential for the fields
Φ1 =
φ1
φˆ1
 =

φ+1
(v1 + S1 + iη1)/
√
2
φˆ+1
(vˆ1 + Sˆ1 + iηˆ1)/
√
2

, φ2 =
 φ+2
(v2 + S2 + iη2)/
√
2
 , (5.11)
V (Φ1, φ2) = −µ21|Φ1|2 − µ22|φ2|2 + λ1(Φ†1Φ1)2 + λ2(φ†2φ2)2 + λ3|Φ1|2|φ2|2
+ m212
φ†1φ2 + h.c.
+ λ4|φ†1φ2|2 + λ52
(φ†1φ2)2 + h.c.

+ σµ21φ
†
1φ1 + κ1(φ†1φ1)2 + κ2(φ†2φ2)2. (5.12)
After electroweak symmetry breaking we are left with 6 massive modes: three
scalars Higgs bosons, two charged Higgs bosons, and one pseudoscalar Higgs bo-
son. The three scalars S1, Sˆ1, S2 are related to the mass basis counterparts h1,
hˆ1, and h2 (identified as the SM-like, twin, and heavy Higgs) by
S1 = cα1cα2h1 +
(
cα1sα2cα3 + sα1sα3
)
h2 +
(
sα1cα3 − cα1sα2sα3
)
hˆ1 , (5.13a)
Sˆ1 = −sα1cα2h1 +
(
cα1sα3 − sα1sα2cα3
)
h2 +
(
cα1cα3 + sα1sα2sα3
)
hˆ1 , (5.13b)
S2 = −sα2h1 + cα2cα3h2 − cα2sα3hˆ1 . (5.13c)
where the three mixing angles (sαi = sin(αi), cαi = cos(αi)) are approximately
given by
sin(α1) ' v1λ1
vˆ1(κ2 + λ1)
, sin(α2) ' −v2
v1
, sin(α3) ' − v2λ32vˆ1(κ2 + λ1) . (5.14)
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One difference between the two setups discussed is that the scale of the twin
weak gauge bosons will be set by a combination of vˆ1 and vˆ2 in the mirror setup,
but only set by vˆ1 in the fraternal setup. Generically, because vˆ2  vˆ1 then twin
weak gauge bosons in the mirror setup will be much heavier than in the fraternal
setup. However, in both cases the twin weak gauge bosons will be O(TeV) and
higher leaving no noticeable difference in the low energy phenomenology we will
discuss.
The three Higgs boson masses are approximately
m2h1 ' 2v21
κ1 + λ1κ2
κ2 + λ1
 , m2h2 ' m212v1v2 , m2hˆ1 ' 2vˆ21(λ1 + κ2) . (5.15)
The SM-like Higgs mass can be set by fixing κ1, κ2, and λ1. The heavy Higgs
mass is primarily set by the parameter m212, and the twin Higgs mass is primarily
set by vˆ1, both of which can be taken as free parameters.
The most generic Yukawa Lagrangian can be written as
−Ltwin-F2HDM ⊃
∑
i,j
(
λu1,ij(q¯iuj)φ˜1 + λd1,ij(q¯idj)φ1 + λe1,ij(¯`iej)φ1
)
+
∑
i,j
(
λu2,ij(q¯iuj)φ˜2 + λd2,ij(q¯idj)φ2 + λe2,ij(¯`iej)φ2
)
+
(
yˆtˆ(¯ˆqtˆ)
˜ˆ
φ1 + yˆbˆ(¯ˆqbˆ)φˆ1 + yˆνˆ(
¯`ˆˆ
ν) ˜ˆφ1 + yˆτˆ (¯`ˆˆτ)φˆ1
)
+ h.c.
. (5.16)
The Yukawa matrices in the SM sector λfi are determined by the flavor structure
imposed on φ1 and φ2 in the flavorful setup, as in chapters 2 and 3. The couplings
λu1 , λd1, and λe1 are rank one matrices, providing mass only to the third generation,
while λu2 , λd2, and λe2 have full rank and provide mass for the remaining fermions.
We find that the couplings of the Higgs bosons to the up-type quarks in the
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fermion mass eigenstate basis are given by
Y h1uiuj = δij
mui
v sβ
(cα1cα2)−
muiuj
v sβcβ
(cβcα1cα2 + sβsα2) , (5.17a)
Y h2uiuj = δij
mui
v sβ
(sα3sα1 + cα1sα2cα3)
− muiuj
v sβcβ
(−cα2cα3sβ + cα1cα3sα2cβ + sα1sα3cβ) , (5.17b)
Y hˆ1uiuj = δij
mui
v sβ
(cα3sα1 − cα1sα2sα3)
+
muiuj
v sβcβ
(cα1sα2sα3cβ − cα3sα1cβ − cα2sα3sβ) , (5.17c)
where v =
√
v21 + v22 = 246 GeV and sβ = sin β, cβ = cos β with tan β = v1/v2.
The mass parameters muiuj are given by the Yukawa couplings λu2 in the fermion
mass eigenstate basis, see chapter 2 for their explicit expressions.
These expressions hold analogously for the down-type quarks and leptons. The
couplings of the SM fermions to the charged Higgs bosons are the same as in the
standard versions of the F2HDMs. In our setup discussed here, the scalar Higgs
bosons (and charged Higgs bosons) couple in addition also to the twin sector
fermions as
Y h1
fˆ
= − yˆfˆ√
2
cα2sα1 , (5.18a)
Y h2
fˆ
= − yˆfˆ√
2
(cα3sα1sα2 − cα1sα3) , (5.18b)
Y hˆ1
fˆ
=
yˆfˆ√
2
(cα1cα3 + sα1sα2sα3) . (5.18c)
Finally, the couplings of the Higgs bosons to the vector bosons (hWW and hZZ)
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are given by the following expressions
Y h1V
Y SMV
= cα1cα2sβ − sα2cβ , (5.19a)
Y h2V
Y SMV
= (cα1cα3sα2 + sα1sα3)sβ − (cα3sα1sα2 − cα1sα3)cβ , (5.19b)
Y hˆ1V
Y SMV
= (cα3sα1 − cα1sα2sα3)sβ + (cα1cα3 + sα1sα2sα3)cβ . (5.19c)
where Y SMV are the corresponding couplings of the Higgs boson in the Standard
Model.
5.3 Constraints
The introduction of two additional doublets alters the couplings to the SM-like
Higgs boson h1 as shown in eqs. 5.17-5.19. The ATLAS and CMS experiments
at the LHC have taken measurements of the production and decays of the Higgs
boson and we must ensure that our model is consistent with the existing ex-
perimental results. Additionally, we will also consider the impact of projected
constraints from the high luminosity (HL) LHC.
To determine these constraints we construct a χ2 function as in chapter 2.
We use the SM predictions from [97]. For current LHC results we use the run 1
combination from [99], in addition we take the run 2 results for h1 → ZZ∗ [100,
101], h1 → WW ∗ [195], h1 → γγ [104,105], h1 → τ+τ− [106], h1 → bb¯ [1,2], h1 →
µµ [5, 107], and top associated production [108, 109]. The projected sensitivities
are taken from [196], and correspond to 3000 fb−1 of data collected at 14 TeV.
The couplings to the SM-like Higgs boson are primarily determined by tan β
and vˆ1. From the expressions in eq. 5.17 and eq. 5.19 we can see that generically,
large values of tan β and vˆ1 correspond to couplings of the Higgs to fermions and
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Figure 5.2: The 2σ constraints on vˆ1 vs. tan β based on Higgs signal strength
measurements at the LHC are shown in the shaded gray region and projections
from the HL-LHC are denoted by the black, dotted line. The relevant Higgs
potential parameters are set to λ1 = 1, λ3 = 5, κ1 = −3/8, and κ2 = 1. The mass
parameters in the flavorful Yukawa couplings are allowed to vary up to a factor
of 3 around their expected values.
vector bosons that are SM-like. This can be clearly seen in fig. 5.2 where we show
the Higgs signal strength constraints. We show the 2σ excluded regions based on
the current LHC results and HL-LHC projections. The parameters λ1, λ3, κ1, and
κ2 that enter the Higgs couplings through the mixing angles in eq. (5.14) are set
to λ1 = 1, λ3 = 5, κ2 = 1 with κ1 being set to satisfy eq. 5.15. The results are
fairly robust to the choice of these parameters, only being modified slightly by the
choice of λ1 which scales the mixing of the SM-like Higgs with the twin Higgs, as
seen in eq. 5.14. In addition there is also weak dependence of the Higgs couplings
on the mass parameters muiuj , see eq. 5.17. We let those mass parameters vary
up to a factor of 3 around their expected values, as was also done in previous
chapters.
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Generally, the sensitivities that are expected at the HL-LHC can potentially
constrain the twin vev vˆ1 much stronger than the current bound. Previous studies
found the constraint vˆ1 & 3v, while future experiments favor vˆ1 to be closer to an
order of magnitude larger than v for moderate values of tan β.
As discussed, the flavorful structure we impose on the φ1 and φ2 couplings,
leads to flavor violating Higgs couplings for the SM-like Higgs and the heavy Higgs.
The U(2)5 flavor structure protects flavor changing transitions between the first
and second generation of quarks and leptons that typically plague 2HDMs without
flavor conservation. However, we still find strong constraints from the rare decay
Bs → µµ. In the limit vˆ1  v, the expression for the Bs → µµ branching ratio in
our model can be easily generalized from the expression in chapter 2 with α→ α2.
The SM prediction and the current experimental measurements are [197]
BR(Bs → µµ)SM = (3.67± 0.15)× 10−9 ,
BR(Bs → µµ)exp = (2.67+0.45−0.35)× 10−9 . (5.20)
For the future experimental sensitivities to Bs → µµ, we assume that the central
value for the branching ratio stays consistent with the current experimental value,
while we take an uncertainty of ±0.16 × 10−9 [198]. It is important to note that
there is some tension between the SM prediction and current experimental value,
and assuming that the experimental central value holds there will be more than
a 2σ discrepancy from future experiments.
The current constraint (left) and future sensitivity (right) from Bs → µµ
is shown in the mh2 vs. tan β plane in fig. 5.3, with the Higgs fit constraints
overlayed. Based on current constraints masses as low as 300 GeV are consistent
with both Bs → µµ and Higgs signal strengths measurements for a moderate
tan β ' 5. However, future projections push this lower bound on the mass up
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Figure 5.3: Constraints on the heavy Higgs mass and tan β based on current
experiments (left) and expected sensitivities (right). We set λ1 = 1, λ3 = 5,
κ1 = −3/8, κ2 = 1and, vˆ1 = 2500 GeV.
to around 450 GeV. For somewhat larger tan β ' 10, the expected bound on the
heavy Higgs mass is around 700 GeV. This is significant as the production of the
heavy Higgs becomes quickly suppressed as it mass mh2 increases.
Our model can moderate the tension between the theoretical prediction and
experimental value by the additional contributions of the heavy and pseudoscalar
Higgs. In particular the pseudoscalar Higgs contribution interferes destructively
with the SM amplitude and thus can lower the Bs → µµ rate, reconciling the
theoretical prediction and with the experimental central value. This is evident in
the shape of the allowed region of the plots in fig. 5.3 where the band represents
the region of parameter space that removes unwanted tension. In the scenario
that tan β becomes too large the rate of Bs → µµ also becomes large, violating
the 2σ bound. While if mh2 becomes too large, our theoretical prediction matches
back onto the SM prediction and is disfavored.
In addition to Higgs fit and Bs → µµ constraints, there exists constraints
from heavy Higgs searches performed by ATLAS and CMS. The most relevant
constraints come from H → µµ searches [133,134], but are weak compared to the
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Bs → µµ and Higgs signal strength measurements as shown in previous chapters.
5.4 Phenomenology
Although the twin sector in this model can be quite robust, we recall that at
the energy scale of the LHC we only have a smaller number of particles which
can contribute to interesting phenomenological processes. In particle the relevant
particles in the twin sector are the light twin Higgs, twin bottom, and twin gluon.
The additional particles in the twin sector are too heavy to play any significant
role. In the cases of the twin bottom and twin gluon we can form bound states in
this twin sector which we will call bottomonium and glueballs, respectively. We
will in general assume that the lightest glueball state G0 is lighter than the lightest
bottomonium state χ. For a detailed description of the twin bottomonium and
glueball states see [77].
In the case that the mG0 < mχ/2 we can produce displaced vertex events
at the LHC. Displaced events occur as a result of the production of twin sector
states (bottomonium and glueballs) through one of the three Higgs bosons. We
demand that mG0 < mχ/2 and assume that all twin states will decay to the
lightest glueball. This glueball has the same quantum numbers as the SM-like
Higgs allowing it to mix back into the visible sector. The SM-like Higgs then
decays leading to a displaced vertex. In this scenario where mG0 ≤ mZ we can
approximate the decay length as [77]
cτ0 ≈ 18m×
10GeV
m0
7 vˆ1
750GeV
4. (5.21)
We can break down the phenomenology of this model into three distinct re-
gions: SM-like Higgs dominated, twin Higgs dominated, and heavy Higgs dom-
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inated.The SM-like Higgs dominates the phenomenology when the twin vev vˆ1
and twin bottom Yukawa ybˆ take values such that the twin bottomonia and the
twin glue balls in the twin sector are lighter than mχˆ < mh1/2. In this case the
SM-like Higgs is produced at a much higher rate than the heavy Higgs or twin
Higgs resulting in the SM-like Higgs dominating the phenomenology. In this case
the phenomenology of our model is similar to that of the original FTH model.
For this reason we forgo an analysis of this scenario here and instead point the
interested reader to [77,80].
The twin Higgs dominates the phenomenology when vˆ1 and ybˆ take on values
such that mχˆ > mh1/2, while mhˆ1 is still moderately light. In this case the twin
Higgs is produced at a high enough rate that it’s production of twin sector hadrons
supersedes that of the heavy Higgs, so again the phenomenology follows a similar
path of the original FTH model, and the addition of the heavy Higgs does little to
impact the phenomenology. For this reason we forgo an analysis of this scenario
here and instead point the interested reader to [77,79].
The final region is where the heavy Higgs dominates the phenomenology. This
happens when vˆ1 and ybˆ take on values such that mχˆ > mh1/2 and mhˆ1 is heavy
(motivated by vˆ1 being large). In this regime the SM-like Higgs cannot participate
in producing twin sector particles, and the production of the twin Higgs becomes
very small. As vˆ1 rises the decay of the heavy Higgs to the twin sector is also
suppressed. However, the production rate of the twin Higgs drops more quickly
than the heavy Higgs decays to twin sector particles is suppressed. The result of
this is a region of parameter space where the heavy Higgs plays the most important
role in the phenomenology.
The mass of the twin bottom as a function of the coupling ybˆ and vˆ1 is shown
in fig. 5.4. The gray region denotes where the twin bottom is light enough, such
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Figure 5.4: The mass of the twin bottom as a function of the twin bottom
Yukawa coupling ybˆ and twin vev vˆ1. In the gray region twin bottoms are suffi-
ciently light such that the SM-like Higgs can decay into twin bottomonia.
that bottomonium can be produced by the SM-like Higgs. The phenomenology of
this region is analogous to that of traditional twin Higgs models. In the following
we focus on the region with heavy twin bottoms mbˆ ≈ 100 GeV.
To better understand the production of the twin bottom via the heavy Higgs
boson we look at the production and decay of the heavy Higgs boson in fig. 5.5.
The right plot shows the branching ratio of the heavy Higgs with mass mh2 = 500
GeV as a function of tan β, for a benchmark parameter point defined by κ1 =
−3/8, κ2 = 1, λ1 = 1, λ3 = 5, and vˆ1 = 2500 GeV. The production and decay are
robust against order one changes to all these benchmark points other than λ3. We
can see from eq. 5.14 that λ3 controls the mixing of the heavy Higgs with the twin
sector and therefore has a substantial impact on the BR(H → bˆbˆ). We choose an
intermediate value of λ3 = 5 as a representative example. The branching ratios in
this model are similar to that of the type 1B F2HDM, with the addition of a small,
but important, branching ratio to the twin bottom. In the left plot we show the
production cross sections of the heavy Higgs. Also the cross sections are similarly
to the type 1B F2HDM and we see that over most of parameter space the main
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Figure 5.5: The production cross section at the 13 TeV proton-proton collisions
(left) and branching ratios (right) of the heavy Higgs with mass mh2 = 500 GeV.
We set κ1 = −3/8, κ2 = 1, λ1 = 1, λ3 = 5, and vˆ1 = 2500 GeV.
production modes are charm-charm fusion, gluon-gluon fusion, and vector boson
fusion. Generally, gluon-gluon fusion is dominant at small tan β and charm-charm
fusion is dominant at high tan β.
Now, explore in more detail where in the parameter space the heavy Higgs
dominates the phenomenology. We show the number of expected events with
displaced decays produced as a function of vˆ1 and tan β in fig. 5.6. The left two
plots show the number of events produced at the end of the LHC (300/fb), while
the right two plots shows the number produced after the conclusion of the HL-
LHC (3000/fb). We choose benchmark masses of 500 and 800 GeV for LHC and
700 and 1000 GeV for the HL-LHC. These masses correspond to choices which
still exhibit a fair amount of freedom in other parameters, such as tan β as shown
in fig. 5.3. The gray shaded region corresponds to the parameter space ruled out
by either the Bs → µµ constraint (dashed boundary), or Higgs signal strength
measurements (solid boundary). The blue region shows where the phenomenology
113
Figure 5.6: The allowed parameter space for the process pp → H → bˆ¯ˆb → χ+
twin glueballs. The left two plots show the current constraints as well as the
prediction for the number of events, while the right two plots show the expected
constraints and predictions at the HL-LHC. The gray shaded region with a solid
black boundary shows the exclusion due to Higgs signal strength fits and the gray
shaded region with the dashed black boundary shows the constraints from the
Bs → µµ decay. In the blue shaded region the number of displaced decays coming
from the twin Higgs exceeds that of the heavy Higgs. The vertical black contours
show the proper lifetime of the twin glueballs.
is dominated by the twin Higgs.
The vertical black lines show the proper lifetime cτ of the twin glueballs. This
is somewhat dependent on tan β but aside from very small values is primarily
determined by vˆ1. When vˆ1 is larger than about 2000 GeV we see that the displaced
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decays are order at least millimeters which fall into the decay lengths of interest
for displaced signatures at the LHC.
We see that for the lower mass choices of 500 GeV (at the LHC) and 700
GeV (at the HL-LHC) that O(10)s of events could occur for mm range displaced
decays. As we push the scale of vˆ1 we see this number drops down to several
decays. The HL-LHC will generically produce more displaced decays at a given
heavy Higgs mass, but the stronger expected constraints on the parameter space
roughly balance out the increase. So, for low range of acceptable masses we see
a similar amount of expected decays. This follows similarly for the higher mass
scenarios that we considered. We see that for heaviermh2 the estimated number of
events goes to several and below as the production of the heavy Higgs is suppressed
at these higher masses.
Searches for long lived particles have been explored to some degree at the
LHC [199, 200]. The existing searches do currently not put strong constraints on
the displaced decays we have considered in this model. For sizable displacements of
the order O(1 cm−1m) the expected sensitivities from the LHC could cover sizable
regions of parameter space (see [201] for a detailed study of the fraternal twin
Higgs model). However, in the scenarios discussed in this paper, the displacement
is typically of the order O(few mm), making it much more challenging to search
for the displaced signatures, for example due to triggering difficulties (see e.g. [77,
200]). Future improvements in searching for displaced decays with O(few mm)
displacement would be necessary to further explore the models described in this
work.
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5.5 Conclusion
The little hierarchy problem and the SM flavor puzzle are two longstanding
problems in particle physics. We have discussed a setup which attempts to address
both of them (at least partially). We considered a 2HDM with a flavorful Yukawa
structure, where one Higgs doublet is responsible for the mass of the third gener-
ation fermions and the other doublet is responsible for the mass of the first and
second generations. A hierarchy in vevs can explain the mass hierarchy between
the third and first two generations. We combined this setup with the twin Higgs
mechanism which stabilizes the Higgs mass up to O(10TeV), considering both a
mirror twin and fraternal twin setup.
In the visible sector, the flavorful Yukawa structure of this model leads to
modifications of the Bs → µµ branching ratio. Large values of tan β are already
strongly constrained. We showed that the current mild tension that exists between
the SM prediction and the experimental results can be solved in our setup for
moderate values of tan β. This is of particular interest in view of the expected
future sensitivities to Bs → µµ from LHCb, which could turn the current tension
into a very significant discrepancy.
The second (heavy) Higgs doublet in the visible sector also provides interesting
phenomenology in the form of displaced signatures at the LHC. This heavy Higgs
can decay into the twin sector, in particular twin bottom quarks which hadronize
in the twin sector and potentially lead to twin glueballs that can decay back to the
visible sector through mixing with the Higgs bosons. This often leads to displaced
signatures, in particular displaced b-jets. This can happen in regions of parameter
space in which displaced signatures of the SM-like Higgs and the twin Higgs are
suppressed or absent. The corresponding parameter space is characterized by a
heavy twin sector, where the production cross section of the twin Higgs is small
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and the SM-like Higgs is kinematically excluded from decaying to the twin sector.
We have shown that in such a scenario the heavy Higgs boson can be light enough
to be produced with a sizeable cross section and heavy enough to decay into the
twin sector, thus offering the possibility to probe broader regions of parameter
space with searches for displaced signatures.
The prediction of this scenario are slightly displaced decays at length scales of
millimeters. We find that for a twin vev vˆ1 of at least 2000 GeV that the heavy
Higgs naturally dominates the displaced phenomenology with as many as O(30)
displaced decays predicted to have taken place at the LHC already. Anticipating
improved indirect constraints on the model parameter space from future experi-
mental results on Higgs signal strengths measurements and the Bs → µµ decay,
we find that there is still viable region of parameter space which can produce
O(30) displaced decays at the HL-LHC.
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Chapter 6
Conclusion
We have discussed multiple realizations of flavorful 2HDMs and applied them
as a framework to understand several open problems in particle physics. In chap-
ter 2 we discuss the basic setup of a F2HDM with the CKM generated in the
down-sector and look at four possible realizations based on the four well studied
models with natural flavor conservation. We explore the parameter space of this
model by comparing it to Higgs fit measurements at the LHC, as well as confront
the model with various flavor constraints, notably from Bs mixing. We consider
current LHC searches for additional Higgs bosons and find that the unique flavor
structure we present causes many common search modes to be suppressed and
provides interesting alternatives to look for, such as the decays to H → tc or
H → τµ.
In chapter 3 we explore how to generate the CKM matrix in the up sector.
We layout a mechanism that allows us to develop the correct flavor structure
through the use of a Froggat-Neilsen scalar S. We find that generating the CKM
in the up-sector leads to large constraints from the rare decay B → Xsγ due to
the increase in the b → sγ transition caused by charged Higgs contributions. By
generating the CKM in the up-sector we generate large couplings for hitc and
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hitu, leading to two very interesting signatures. First, we calculate the most up
to date SM prediction for t → hc and → hu and find that our model can exceed
this prediction by many orders of magnitude. Second, we identify an interesting
same sign top signature that can arise from pp→ tH → ttc¯ and pp→ tH− → tts¯
due to the large tc coupling in this type of model.
In chapter 4 we use a generic 2HDM framework to analyze the possibilities
of blind spots within the WIMP paradigm. We see that in a general construction
that we can get destructive interference between various direct detection channels,
leading to blind spots in parameter space. Additionally, under the appropriate
choice of Lagrangian parameters we can suppress the coupling of the SM Higgs to
DM effectively avoiding constraints from Higgs to invisible decays. We consider
two flavor diagonal and two flavor violating Yukawa structure and explore the
viable parameter space of these models. We find that for DM masses below half
the Higgs mass that we are still fairly constrained although under relatively fine-
tuned conditions we can still find viable parameter space. However, above half
the Higgs mass we find a large portion of open parameter space with only a very
mild fine-tuning. It is important to note all the DM masses we considered are
excluded in the SM+WIMP scenario. So, our model allows for WIMP masses
that are excluded in simpler scenarios.
Finally, in chapter 5 we combine the idea of the mirror and fraternal twin
Higgs model with that of the F2HDM. We show that in the mirror model we
can use the additional mass generation to make the first and second generation
twin fermions heavy in order to satisfy cosmological bounds. In the case of the
fraternal twin Higgs the additional flavor structure can explain the unique twin
sector particle content of the fraternal twin Higgs model. We then note how
in the case of the low energy phenomenology these models effectively map onto
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one another. By comparing to Higgs fit constraints at the LHC and projected
bounds by the HL-LHC we see that a relatively large scale is favored for the twin
vev. We examine this scenario where the twin vev is large and find that due
to the additional heavy Higgs boson in the visible sector we still see interesting
phenomenological results. In particular we look at the striking displaced decays
that occur in this model. We see that there can be order tens of displaced events
that have occurred at the LHC or will occur in the lifetime of the HL-LHC.
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Appendix A
New physics contributions to rare
meson decays
The parameters S``′ and P``′ that enter the expressions for the rare B meson
branching ratios in Eqs. (2.35) and (2.39) get in general contributions from tree
level h, H and A exchange
S``′ =
1
CSM10
(
4pi2
e2
)(
Sh``′ + SH``′ + SA``′
)
, (A.1)
P``′ = 1 +
1
CSM10
(
4pi2
e2
)(
P h``′ + PH``′ + PA``′
)
, (A.2)
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with the SMWilson coefficient CSM10 ' −4.1. In the flavor conserving case ``′ = µµ
we find
Shµµ = −
m2Bs
m2h
(
cα
sβ
− Re(m
′
µµ)
mµ
cβ−α
sβcβ
)
cβ−α
sβcβ
(
m′sb −m′bs∗
mbVtbV ∗ts
)
, (A.3)
SHµµ =
m2Bs
m2H
(
sα
sβ
+
Re(m′µµ)
mµ
sβ−α
sβcβ
)
sβ−α
sβcβ
(
m′sb −m′bs∗
mbVtbV ∗ts
)
, (A.4)
SAµµ = −
m2Bs
m2A
1
s2βc
2
β
iIm(m′µµ)
mµ
(
m′sb +m′bs∗
mbVtbV ∗ts
)
, (A.5)
P hµµ =
m2Bs
m2h
c2β−α
s2βc
2
β
iIm(m′µµ)
mµ
(
m′sb −m′bs∗
mbVtbV ∗ts
)
, (A.6)
PHµµ =
m2Bs
m2H
s2β−α
s2βc
2
β
iIm(m′µµ)
mµ
(
m′sb −m′bs∗
mbVtbV ∗ts
)
, (A.7)
PAµµ =
m2Bs
m2A
(
1
tβ
− Re(m
′
µµ)
mµ
1
sβcβ
)
1
sβcβ
(
m′sb +m′bs∗
mbVtbV ∗ts
)
. (A.8)
In the flavor violating cases ``′ = µτ, τµ we find instead
Sh``′ =
m2Bs
2m2h
c2β−α
c2βs
2
β
(
m′bs
∗ −m′sb
mbVtbV ∗ts
)(
m′``′
∗ +m′`′`
mµ
)
, (A.9)
SH``′ =
m2Bs
2m2H
s2β−α
c2βs
2
β
(
m′bs
∗ −m′sb
mbVtbV ∗ts
)(
m′``′
∗ +m′`′`
mµ
)
, (A.10)
SA``′ =
m2Bs
2m2A
1
c2βs
2
β
(
m′bs
∗ +m′sb
mbVtbV ∗ts
)(
m′`′` −m′``′∗
mµ
)
, (A.11)
P h``′ =
m2Bs
2m2h
c2β−α
c2βs
2
β
(
m′bs
∗ −m′sb
mbVtbV ∗ts
)(
m′`′` −m′``′∗
mµ
)
, (A.12)
PH``′ =
m2Bs
2m2H
s2β−α
c2βs
2
β
(
m′bs
∗ −m′sb
mbVtbV ∗ts
)(
m′`′` −m′``′∗
mµ
)
, (A.13)
PA``′ =
m2Bs
2m2A
1
c2βs
2
β
(
m′bs
∗ +m′sb
mbVtbV ∗ts
)(
m′`′` +m′``′∗
mµ
)
. (A.14)
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Appendix B
Yukawa Couplings in the Quark
Mass Eigenstate Basis
In this appendix we show that in the considered type IB and lepton-specific B
models, the couplings of the Higgs bosons to the quarks in the quark mass eigen-
state basis are entirely determined by the known quark masses and CKM elements.
The starting point are the Yukawa couplings λq and λ′q in Eq. (5.16) that
need to be rotated into the quark mass eigenstate basis. We perform unitary
rotations on the left-handed and right-handed quark fields qL/R → UqL/RqL/R such
that U †uL(vλ
u + v′λ′u)UuR = diag(mu,mc,mt) ≡ mdiagu and analogous for the down
quarks. Given the structure of λu and λ′u in Eq. (3.3a) we can introduce the matrix
Π = diag(0, 0, 1) that leaves λu invariant and that annihilates λ′u: Πλu = λu and
Πλ′u = 0 . Using this matrix, we can express λu in the mass eigenstate basis
directly in terms of quark masses and the CKM matrix
U †uLλ
uUuR = U †uLΠ(λ
u + v
′
v
λ′u)UuR
=
√
2
v
U †uLΠUuLm
diag
u =
√
2
v
VCKMΠV †CKMmdiagu . (B.1)
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In the last step we used the definition of the CKM matrix VCKM = U †uLUdL and
the fact that UdL and Π commute due to the structure of λd and λ′d in Eq. (3.3b).
Analogously, we can use the matrix Π′ = diag(1, 1, 0) to get an expression for λ′u
in the mass eigenstate basis
U †uLλ
′uUuR = U †uLΠ
′( v
v′
λu + λ′u)UuR
=
√
2
v′
U †uLΠ
′ UuLm
diag
u =
√
2
v′
VCKMΠ′ V †CKMmdiagu . (B.2)
In the down quark sector we instead get
U †dLλ
dUdR = U
†
dL
Π(λd + v
′
v
λ′d)UdR =
√
2
v
U †dLΠUdLm
diag
d =
√
2
v
Πmdiagd , (B.3)
U †dLλ
′dUdR = U
†
dL
Π′( v
v′
λd + λ′d)UdR =
√
21
v′
U †dLΠ
′ UdLm
diag
d =
√
2
v′
Π′mdiagd . (B.4)
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Appendix C
Loop Functions for b→ sγ
In this appendix we give the explicit expressions for the loop functions that
enter the results for the charged Higgs contributions to the b → sγ decay in
section 3.2.
f7(x) =
(2− 3x)2 log x
12(1− x)4 +
11− 43x+ 38x2
72(1− x)3 , limx→0 f7(x) =
1
3 log(x) +
11
72 , (C.1)
f8(x) =
(2− 3x) log x
4(1− x)4 +
16− 29x+ 7x2
24(1− x)3 , limx→0 f8(x) =
1
2 log(x) +
2
3 , (C.2)
g7(x) = −x(2− 3x) log x12(1− x)4 −
7− 5x− 8x2
72(1− x)3 , limx→0 g7(x) = −
7
72 , (C.3)
g8(x) = − x log x4(1− x)4 −
2 + 5x− x2
24(1− x)3 , limx→0 g8(x) = −
1
12 , (C.4)
h7(x) =
(2− 3x) log x
6(1− x)3 +
3− 5x
12(1− x)2 , limx→0h7(x) =
1
3 log(x) +
1
4 , (C.5)
h8(x) =
log x
2(1− x)3 +
3− x
4(1− x)2 , limx→0h8(x) =
1
2 log(x) +
3
4 . (C.6)
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Appendix D
Loop Function for t→ hq
The loop function F that enters our SM expression of the rare top branching
ratios Eq. (3.14) can be written as
F(x, y) = 116(x− y)2
∣∣∣∣∣∣x
(
B0(0, 0, 1)−B0(x, 0, 1)
)
(D.1)
+ y
(
B0(y, 0, 0)−B0(0, 0, 1)
)
+ 4
(
B0(x, 0, 1)
− B0(y, 0, 0)
)
+ (2 + y)
(
B0(y, 1, 1)−B0(x, 1, 0)
)
− (4− 2x+ y)C0(y, x, 0, 0, 0, 1)
+ (2− y + y2 − x(2 + y))C0(y, x, 0, 1, 1, 0)
+ 2(y − x)B′0(0, 1, 0) + 2(x− 2)B′0(x, 1, 0)
+ 2(x2 + y − xy − 2)C ′0(y, x, 0, 1, 1, 0)
∣∣∣∣∣∣
2
,
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with the following definitions of the Passarino-Veltman functions
B0(p2,m21,m22) = µ¯4−D
∫ dDq
(2pi)D
1
(q2 −m21)((q + p)2 −m22)
, (D.2)
C0(p2, k2, (p+ k)2,m21,m22,m23) =∫ d4q
(2pi)4
1
(q2 −m21)((q + p)2 −m22)((q + p+ k)2 −m23)
. (D.3)
The derivatives in Eq. (D.1) act on the last argument of the functions, i.e.
B′0(a, b, c) =
∂
∂c
B0(a, b, c) , (D.4)
C ′0(a, b, c, d, e, f) =
∂
∂f
C0(a, b, c, d, e, f) . (D.5)
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Appendix E
Higgs Signal Strength Fit
Away from the alignment limit cos(β − α) = 0, the couplings of the 125GeV
Higgs boson differ from their SM predictions. Therefore, signal strength measure-
ments from ATLAS and CMS can be used to constrain the parameter space of our
2HDMs. With respect to our previous signal strength analysis in [202], we include
LHC Run 2 updates of h→ WW [195,203,204], h→ ττ [187,205], h→ µµ [4], the
recent h→ bb observations [185,186] and the results for tth production [3, 184].
In Fig. E.1 we show the allowed ranges in the cos(β − α) vs. tan β plane in
the type IB model (top left), type IIB model (top right), lepton-specific B model
(bottom left), and flipped B model (bottom right) at 1σ (dark green) and 2σ (light
green). The dotted lines indicate the 2σ constraint in the corresponding 2HDMs
with natural flavor conservation.
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Figure E.1: Constraints in the cos(β − α) vs. tan β plane based on LHC mea-
surements of the 125GeV Higgs signal strengths. Parameter space of the flavorful
2HDMs that is compatible with the data at the 1σ and 2σ level is shown in green.
For comparison, the 2σ regions in the corresponding 2HDMs with natural flavor
conservation are shown by dashed contours.
129
Bibliography
[1] A. M. Sirunyan et al., “Evidence for the Higgs boson decay to a bottom
quarkâĂŞantiquark pair,” Phys. Lett., vol. B780, pp. 501–532, 2018.
[2] M. Aaboud et al., “Evidence for the H → bb decay with the ATLAS detec-
tor,” JHEP, vol. 12, p. 024, 2017.
[3] A. M. Sirunyan et al., “Observation of ttH production,” Phys. Rev. Lett.,
vol. 120, no. 23, p. 231801, 2018.
[4] A. M. Sirunyan et al., “Search for the Higgs boson decaying to two muons in
proton-proton collisions at
√
s = 13 TeV,” Phys. Rev. Lett., vol. 122, no. 2,
p. 021801, 2019.
[5] M. Aaboud et al., “Search for the dimuon decay of the Higgs boson in pp
collisions at
√
s = 13 TeV with the ATLAS detector,” Phys. Rev. Lett.,
vol. 119, no. 5, p. 051802, 2017.
[6] W. Altmannshofer, S. Gori, A. L. Kagan, L. Silvestrini, and J. Zupan, “Un-
covering Mass Generation Through Higgs Flavor Violation,” Phys. Rev.,
vol. D93, no. 3, p. 031301, 2016.
[7] D. Ghosh, R. S. Gupta, and G. Perez, “Is the Higgs Mechanism of Fermion
Mass Generation a Fact? A Yukawa-less First-Two-Generation Model,”
Phys. Lett., vol. B755, pp. 504–508, 2016.
[8] F. J. Botella, G. C. Branco, M. N. Rebelo, and J. I. Silva-Marcos, “What if
the masses of the first two quark families are not generated by the standard
model Higgs boson?,” Phys. Rev., vol. D94, no. 11, p. 115031, 2016.
[9] A. K. Das and C. Kao, “A Two Higgs doublet model for the top quark,”
Phys. Lett., vol. B372, pp. 106–112, 1996.
[10] A. E. Blechman, A. A. Petrov, and G. Yeghiyan, “The Flavor puzzle in
multi-Higgs models,” JHEP, vol. 11, p. 075, 2010.
[11] S. Knapen and D. J. Robinson, “Disentangling Mass and Mixing Hierar-
chies,” Phys. Rev. Lett., vol. 115, no. 16, p. 161803, 2015.
130
[12] W. Altmannshofer, S. Gori, D. J. Robinson, and D. Tuckler, “The Flavor-
locked Flavorful Two Higgs Doublet Model,” JHEP, vol. 03, p. 129, 2018.
[13] W. Altmannshofer, J. Eby, S. Gori, M. Lotito, M. Martone, and D. Tuckler,
“Collider Signatures of Flavorful Higgs Bosons,” Phys. Rev., vol. D94, no. 11,
p. 115032, 2016.
[14] A. Crivellin, A. Kokulu, and C. Greub, “Flavor-phenomenology of two-
Higgs-doublet models with generic Yukawa structure,” Phys. Rev., vol. D87,
no. 9, p. 094031, 2013.
[15] M. Bauer, M. Carena, and K. Gemmler, “Flavor from the Electroweak
Scale,” JHEP, vol. 11, p. 016, 2015.
[16] C.-W. Chiang, H. Fukuda, M. Takeuchi, and T. T. Yanagida, “Flavor-
Changing Neutral-Current Decays in Top-Specific Variant Axion Model,”
JHEP, vol. 11, p. 057, 2015.
[17] A. Crivellin, J. Heeck, and P. Stoffer, “A perturbed lepton-specific two-
Higgs-doublet model facing experimental hints for physics beyond the Stan-
dard Model,” Phys. Rev. Lett., vol. 116, no. 8, p. 081801, 2016.
[18] F. J. Botella, G. C. Branco, M. Nebot, and M. N. Rebelo, “Flavour Changing
Higgs Couplings in a Class of Two Higgs Doublet Models,” Eur. Phys. J.,
vol. C76, no. 3, p. 161, 2016.
[19] M. Bauer, M. Carena, and K. Gemmler, “Creating the fermion mass hierar-
chies with multiple Higgs bosons,” Phys. Rev., vol. D94, no. 11, p. 115030,
2016.
[20] M. Buschmann, J. Kopp, J. Liu, and X.-P. Wang, “New Signatures of Flavor
Violating Higgs Couplings,” JHEP, vol. 06, p. 149, 2016.
[21] M. Sher and K. Thrasher, “Flavor Changing Leptonic Decays of Heavy Higgs
Bosons,” Phys. Rev., vol. D93, no. 5, p. 055021, 2016.
[22] R. Primulando and P. Uttayarat, “Probing Lepton Flavor Violation at the
13 TeV LHC,” JHEP, vol. 05, p. 055, 2017.
[23] J. M. Alves, F. J. Botella, G. C. Branco, F. Cornet-Gomez, and M. Nebot,
“Controlled Flavour Changing Neutral Couplings in Two Higgs Doublet
Models,” Eur. Phys. J., vol. C77, no. 9, p. 585, 2017.
[24] S. Gori, C. Grojean, A. Juste, and A. Paul, “Heavy Higgs Searches: Flavour
Matters,” JHEP, vol. 01, p. 108, 2018.
131
[25] A. Crivellin, J. Heeck, and D. MÃĳller, “Large h→ bs in generic two-Higgs-
doublet models,” Phys. Rev., vol. D97, no. 3, p. 035008, 2018.
[26] M. Kohda, T. Modak, and W.-S. Hou, “Searching for new scalar bosons via
triple-top signature in cg → tS0 → ttt¯,” Phys. Lett., vol. B776, pp. 379–384,
2018.
[27] M. Badziak and K. Harigaya, “Asymptotically Free Natural Supersymmetric
Twin Higgs Model,” Phys. Rev. Lett., vol. 120, no. 21, p. 211803, 2018.
[28] A. Dery, C. Frugiuele, and Y. Nir, “Large Higgs-electron Yukawa coupling
in 2HDM,” JHEP, vol. 04, p. 044, 2018.
[29] S. Banerjee, M. Chala, and M. Spannowsky, “Top quark FCNCs in extended
Higgs sectors,” Eur. Phys. J., vol. C78, no. 8, p. 683, 2018.
[30] J. L. DÃŋaz-Cruz, B. O. Larios-Lopez, and M. A. Perez-de Leon, “A Private
SUSY 4HDM with FCNC in the Up-sector,” 2019.
[31] P. M. Ferreira and L. Lavoura, “No strong CP violation up to the one-loop
level in a two-Higgs-doublet model,” Eur. Phys. J., vol. C79, no. 7, p. 552,
2019.
[32] D. Das, “2HDM without FCNC: off the beaten tracks,” Eur. Phys. J.,
vol. C78, no. 8, p. 650, 2018.
[33] S. L. Glashow, J. Iliopoulos, and L. Maiani, “Weak interactions with lepton-
hadron symmetry,” Phys. Rev. D, vol. 2, pp. 1285–1292, Oct 1970.
[34] B. Mele, S. Petrarca, and A. Soddu, “A New evaluation of the t —> cH
decay width in the standard model,” Phys. Lett., vol. B435, pp. 401–406,
1998.
[35] J. A. Aguilar-Saavedra, “Top flavor-changing neutral interactions: Theoret-
ical expectations and experimental detection,” Acta Phys. Polon., vol. B35,
pp. 2695–2710, 2004.
[36] M. Aaboud et al., “Search for top-quark decays t→ Hq with 36 fb−1 of pp
collision data at
√
s = 13 TeV with the ATLAS detector,” JHEP, vol. 05,
p. 123, 2019.
[37] A. M. Sirunyan et al., “Search for the flavor-changing neutral current inter-
actions of the top quark and the Higgs boson which decays into a pair of b
quarks at
√
s = 13 TeV,” JHEP, vol. 06, p. 102, 2018.
132
[38] “Expected sensitivity of ATLAS to FCNC top quark decays t → Zu and
t→ Hq at the High Luminosity LHC,” Tech. Rep. ATL-PHYS-PUB-2016-
019, CERN, Geneva, Aug 2016.
[39] J. de Blas et al., “The CLIC Potential for New Physics,” 2018.
[40] A. Cerri et al., “Report from Working Group 4,” CERN Yellow Rep.
Monogr., vol. 7, pp. 867–1158, 2019.
[41] M. e. a. Mangano, “Future Circular Collider,” Tech. Rep. CERN-ACC-2018-
0056, CERN, Geneva, Dec 2018. Published in Eur. Phys. J. C.
[42] C. Froggatt and H. Nielsen, “Hierarchy of quark masses, cabibbo angles and
cp violation,” Nuclear Physics B, vol. 147, no. 3, pp. 277 – 298, 1979.
[43] J. Silk et al., Particle Dark Matter: Observations, Models and Searches.
Cambridge: Cambridge Univ. Press, 2010.
[44] S. Profumo, An Introduction to Particle Dark Matter. World Scientific, 2017.
[45] J. de Swart, G. Bertone, and J. van Dongen, “How Dark Matter Came to
Matter,” 2017. Nature Astron.1,0059(2017).
[46] M. Cirelli, N. Fornengo, and A. Strumia, “Minimal dark matter,” Nucl.
Phys., vol. B753, pp. 178–194, 2006.
[47] J. McDonald, “Gauge singlet scalars as cold dark matter,” Phys. Rev.,
vol. D50, pp. 3637–3649, 1994.
[48] S. Profumo, M. J. Ramsey-Musolf, and G. Shaughnessy, “Singlet Higgs phe-
nomenology and the electroweak phase transition,” JHEP, vol. 08, p. 010,
2007.
[49] S. Profumo, L. Ubaldi, and C. Wainwright, “Singlet Scalar Dark Matter:
monochromatic gamma rays and metastable vacua,” Phys. Rev., vol. D82,
p. 123514, 2010.
[50] M. S. Boucenna and S. Profumo, “Direct and Indirect Singlet Scalar Dark
Matter Detection in the Lepton-Specific two-Higgs-doublet Model,” Phys.
Rev., vol. D84, p. 055011, 2011.
[51] C. L. Wainwright, S. Profumo, and M. J. Ramsey-Musolf, “Phase Transi-
tions and Gauge Artifacts in an Abelian Higgs Plus Singlet Model,” Phys.
Rev., vol. D86, p. 083537, 2012.
[52] S. Profumo, M. J. Ramsey-Musolf, C. L. Wainwright, and P. Winslow,
“Singlet-catalyzed electroweak phase transitions and precision Higgs boson
studies,” Phys. Rev., vol. D91, no. 3, p. 035018, 2015.
133
[53] L. Feng, S. Profumo, and L. Ubaldi, “Closing in on singlet scalar dark
matter: LUX, invisible Higgs decays and gamma-ray lines,” JHEP, vol. 03,
p. 045, 2015.
[54] W. Atwood et al., “The Large Area Telescope on the Fermi Gamma-ray
Space Telescope Mission,” Astrophys. J, vol. 697, pp. 1071–1102, 2009.
[55] J. Aleksic et al., “Performance of the MAGIC stereo system obtained with
Crab Nebula data,” Astroparticle Physics, vol. 35, pp. 435–448, 2012.
[56] J. Holder et al., “Status of the VERITAS Observatory,” AIP Conf. Proc.,
vol. 1085, no. 1, pp. 657–660, 2009.
[57] F. Aharonian et al., “Observations of the Crab Nebula with H.E.S.S,” As-
tron. Astrophys., vol. 457, pp. 899–915, 2006.
[58] D. S. Akerib et al., “Results from a search for dark matter in the complete
LUX exposure,” Phys. Rev. Lett., vol. 118, no. 2, p. 021303, 2017.
[59] G. Arcadi, M. Dutra, P. Ghosh, M. Lindner, Y. Mambrini, M. Pierre, S. Pro-
fumo, and F. S. Queiroz, “The waning of the WIMP? A review of models,
searches, and constraints,” Eur. Phys. J., vol. C78, no. 3, p. 203, 2018.
[60] C. Cheung, L. J. Hall, D. Pinner, and J. T. Ruderman, “Prospects and Blind
Spots for Neutralino Dark Matter,” JHEP, vol. 05, p. 100, 2013.
[61] P. Huang and C. E. M. Wagner, “Blind Spots for neutralino Dark Matter in
the MSSM with an intermediatemA,” Phys. Rev., vol. D90, no. 1, p. 015018,
2014.
[62] T. Han, F. Kling, S. Su, and Y. Wu, “Unblinding the dark matter blind
spots,” JHEP, vol. 02, p. 057, 2017.
[63] T. Han, H. Liu, S. Mukhopadhyay, and X. Wang, “Dark Matter Blind Spots
at One-Loop,” JHEP, vol. 03, p. 080, 2019.
[64] A. Crivellin, M. Hoferichter, M. Procura, and L. C. Tunstall, “Light stops,
blind spots, and isospin violation in the MSSM,” JHEP, vol. 07, p. 129,
2015.
[65] M. Badziak, M. Olechowski, and P. Szczerbiak, “Blind spots for neutralino
dark matter in the NMSSM,” JHEP, vol. 03, p. 179, 2016.
[66] A. Greljo, J. Julio, J. F. Kamenik, C. Smith, and J. Zupan, “Constraining
Higgs mediated dark matter interactions,” JHEP, vol. 11, p. 190, 2013.
134
[67] G. Arcadi, “2HDM portal for Singlet-Doublet Dark Matter,” Eur. Phys. J.,
vol. C78, no. 10, p. 864, 2018.
[68] Z. Chacko, H.-S. Goh, and R. Harnik, “The Twin Higgs: Natural electroweak
breaking from mirror symmetry,” Phys. Rev. Lett., vol. 96, p. 231802, 2006.
[69] N. Craig, S. Knapen, and P. Longhi, “Neutral Naturalness from Orbifold
Higgs Models,” Phys. Rev. Lett., vol. 114, no. 6, p. 061803, 2015.
[70] N. Craig, S. Knapen, and P. Longhi, “The Orbifold Higgs,” JHEP, vol. 03,
p. 106, 2015.
[71] R. Barbieri, T. Gregoire, and L. J. Hall, “Mirror world at the large hadron
collider,” 2005.
[72] R. Barbieri, L. J. Hall, and K. Harigaya, “Minimal Mirror Twin Higgs,”
JHEP, vol. 11, p. 172, 2016.
[73] N. Craig, S. Koren, and T. Trott, “Cosmological Signals of a Mirror Twin
Higgs,” JHEP, vol. 05, p. 038, 2017.
[74] Z. Chacko, N. Craig, P. J. Fox, and R. Harnik, “Cosmology in Mirror Twin
Higgs and Neutrino Masses,” JHEP, vol. 07, p. 023, 2017.
[75] C. Csaki, E. Kuflik, and S. Lombardo, “Viable Twin Cosmology from Neu-
trino Mixing,” Phys. Rev., vol. D96, no. 5, p. 055013, 2017.
[76] Z. Chacko, D. Curtin, M. Geller, and Y. Tsai, “Cosmological Signatures of
a Mirror Twin Higgs,” JHEP, vol. 09, p. 163, 2018.
[77] N. Craig, A. Katz, M. Strassler, and R. Sundrum, “Naturalness in the Dark
at the LHC,” JHEP, vol. 07, p. 105, 2015.
[78] D. Curtin and C. B. Verhaaren, “Discovering Uncolored Naturalness in Ex-
otic Higgs Decays,” JHEP, vol. 12, p. 072, 2015.
[79] A. Ahmed, “Heavy Higgs of the Twin Higgs Models,” JHEP, vol. 02, p. 048,
2018.
[80] C. Kilic, S. Najjari, and C. B. Verhaaren, “Discovering the Twin Higgs Boson
with Displaced Decays,” Phys. Rev., vol. D99, no. 7, p. 075029, 2019.
[81] Z. Chacko, C. Kilic, S. Najjari, and C. B. Verhaaren, “Collider signals of
the Mirror Twin Higgs boson through the hypercharge portal,” Phys. Rev.,
vol. D100, no. 3, p. 035037, 2019.
135
[82] Z. Chacko, C. Kilic, S. Najjari, and C. B. Verhaaren, “Testing the Scalar
Sector of the Twin Higgs Model at Colliders,” Phys. Rev., vol. D97, no. 5,
p. 055031, 2018.
[83] F. Bishara and C. B. Verhaaren, “Singleton Portals to the Twin Sector,”
JHEP, vol. 05, p. 016, 2019.
[84] I. Garcia Garcia, R. Lasenby, and J. March-Russell, “Twin Higgs WIMP
Dark Matter,” Phys. Rev., vol. D92, no. 5, p. 055034, 2015.
[85] I. Garcia Garcia, R. Lasenby, and J. March-Russell, “Twin Higgs Asymmet-
ric Dark Matter,” Phys. Rev. Lett., vol. 115, no. 12, p. 121801, 2015.
[86] M. Farina, “Asymmetric Twin Dark Matter,” JCAP, vol. 1511, no. 11,
p. 017, 2015.
[87] N. Craig and A. Katz, “The Fraternal WIMP Miracle,” JCAP, vol. 1510,
no. 10, p. 054, 2015.
[88] M. Freytsis, S. Knapen, D. J. Robinson, and Y. Tsai, “Gamma-rays from
Dark Showers with Twin Higgs Models,” JHEP, vol. 05, p. 018, 2016.
[89] V. Prilepina and Y. Tsai, “Reconciling Large And Small-Scale Structure In
Twin Higgs Models,” JHEP, vol. 09, p. 033, 2017.
[90] Y. Hochberg, E. Kuflik, and H. Murayama, “Twin Higgs model with strongly
interacting massive particle dark matter,” Phys. Rev., vol. D99, no. 1,
p. 015005, 2019.
[91] H.-C. Cheng, L. Li, and R. Zheng, “Coscattering/Coannihilation Dark Mat-
ter in a Fraternal Twin Higgs Model,” JHEP, vol. 09, p. 098, 2018.
[92] J. Terning, C. B. Verhaaren, and K. Zora, “Composite Twin Dark Matter,”
Phys. Rev., vol. D99, no. 9, p. 095020, 2019.
[93] S. Koren and R. McGehee, “Freeze-Twin Dark Matter,” 2019.
[94] M. Farina, A. Monteux, and C. S. Shin, “Twin mechanism for baryon and
dark matter asymmetries,” Phys. Rev., vol. D94, no. 3, p. 035017, 2016.
[95] D. Curtin and J. Setford, “Signatures of Mirror Stars,” 2019.
[96] S. Davidson and H. E. Haber, “Basis-independent methods for the two-
Higgs-doublet model,” Phys. Rev., vol. D72, p. 035004, 2005. [Erratum:
Phys. Rev.D72,099902(2005)].
[97] D. de Florian et al., “Handbook of LHC Higgs Cross Sections: 4. Deciphering
the Nature of the Higgs Sector,” 2016.
136
[98] W. Altmannshofer, S. Gori, and G. D. Kribs, “A Minimal Flavor Violating
2HDM at the LHC,” Phys. Rev., vol. D86, p. 115009, 2012.
[99] G. Aad et al., “Measurements of the Higgs boson production and decay rates
and constraints on its couplings from a combined ATLAS and CMS analysis
of the LHC pp collision data at
√
s = 7 and 8 TeV,” JHEP, vol. 08, p. 045,
2016.
[100] A. M. Sirunyan et al., “Measurements of properties of the Higgs boson de-
caying into the four-lepton final state in pp collisions at
√
s = 13 TeV,”
JHEP, vol. 11, p. 047, 2017.
[101] M. Aaboud et al., “Measurement of the Higgs boson coupling properties
in the H → ZZ∗ → 4` decay channel at √s = 13 TeV with the ATLAS
detector,” JHEP, vol. 03, p. 095, 2018.
[102] “Higgs to WW measurements with 15.2 fb−1 of 13 TeV proton-proton colli-
sions,” Tech. Rep. CMS-PAS-HIG-16-021, CERN, Geneva, 2017.
[103] “Measurement of gluon fusion and vector boson fusion Higgs boson produc-
tion cross-sections in the H → WW ∗ → eνµν decay channel in pp collisions
at
√
s = 13 TeV with the ATLAS detector,” Tech. Rep. ATLAS-CONF-
2018-004, CERN, Geneva, Mar 2018.
[104] M. Aaboud et al., “Measurements of Higgs boson properties in the diphoton
decay channel with 36 fb−1 of pp collision data at
√
s = 13 TeV with the
ATLAS detector,” Phys. Rev., vol. D98, p. 052005, 2018.
[105] A. M. Sirunyan et al., “Measurements of Higgs boson properties in the
diphoton decay channel in proton-proton collisions at
√
s = 13 TeV,” JHEP,
vol. 11, p. 185, 2018.
[106] A. M. Sirunyan et al., “Observation of the Higgs boson decay to a pair of τ
leptons with the CMS detector,” Phys. Lett., vol. B779, pp. 283–316, 2018.
[107] “Search for the standard model Higgs boson decaying into two muons in
pp collisions at sqrt(s)=13TeV,” Tech. Rep. CMS-PAS-HIG-17-019, CERN,
Geneva, 2017.
[108] “Search for the associated production of a Higgs boson with a top quark
pair in final states with a τ lepton at
√
s = 13 TeV,” Tech. Rep. CMS-PAS-
HIG-17-003, CERN, Geneva, 2017.
[109] M. Aaboud et al., “Search for the standard model Higgs boson produced
in association with top quarks and decaying into a bb¯ pair in pp collisions
at
√
s = 13 TeV with the ATLAS detector,” Phys. Rev., vol. D97, no. 7,
p. 072016, 2018.
137
[110] A. M. Sirunyan et al., “Search for ttH production in the H → bb decay
channel with leptonic tt decays in proton-proton collisions at
√
s = 13 TeV,”
JHEP, vol. 03, p. 026, 2019.
[111] D. Chowdhury and O. Eberhardt, “Update of Global Two-Higgs-Doublet
Model Fits,” JHEP, vol. 05, p. 161, 2018.
[112] J. Haller, A. Hoecker, R. Kogler, K. MÃűnig, T. Peiffer, and J. Stelzer,
“Update of the global electroweak fit and constraints on two-Higgs-doublet
models,” Eur. Phys. J., vol. C78, no. 8, p. 675, 2018.
[113] M. Aaboud et al., “Search for top quark decays t → qH, with H → γγ,
in
√
s = 13 TeV pp collisions using the ATLAS detector,” JHEP, vol. 10,
p. 129, 2017.
[114] A. M. Sirunyan et al., “Search for lepton flavour violating decays of the
Higgs boson to µτ and eτ in proton-proton collisions at
√
s = 13 TeV,”
JHEP, vol. 06, p. 001, 2018.
[115] G. Aad et al., “Search for lepton-flavour-violating decays of the Higgs and
Z bosons with the ATLAS detector,” Eur. Phys. J., vol. C77, no. 2, p. 70,
2017.
[116] S. L. Glashow and S. Weinberg, “Natural conservation laws for neutral cur-
rents,” Phys. Rev. D, vol. 15, pp. 1958–1965, Apr 1977.
[117] G. D’Ambrosio, G. F. Giudice, G. Isidori, and A. Strumia, “Minimal fla-
vor violation: An Effective field theory approach,” Nucl. Phys., vol. B645,
pp. 155–187, 2002.
[118] A. Pich and P. Tuzon, “Yukawa Alignment in the Two-Higgs-Doublet
Model,” Phys. Rev., vol. D80, p. 091702, 2009.
[119] A. J. Buras, M. V. Carlucci, S. Gori, and G. Isidori, “Higgs-mediated FC-
NCs: Natural Flavour Conservation vs. Minimal Flavour Violation,” JHEP,
vol. 10, p. 009, 2010.
[120] S. Gori, H. E. Haber, and E. Santos, “High scale flavor alignment in two-
Higgs doublet models and its phenomenology,” JHEP, vol. 06, p. 110, 2017.
[121] P. M. Ferreira, J. F. Gunion, H. E. Haber, and R. Santos, “Probing wrong-
sign Yukawa couplings at the LHC and a future linear collider,” Phys. Rev.,
vol. D89, no. 11, p. 115003, 2014.
[122] T. Modak, J. C. RomÃčo, S. Sadhukhan, J. P. Silva, and R. Srivastava,
“Constraining wrong-sign hbb couplings with h→ Υγ,” Phys. Rev., vol. D94,
no. 7, p. 075017, 2016.
138
[123] P. M. Ferreira, S. Liebler, and J. Wittbrodt, “pp → A → Zh and the
wrong-sign limit of the two-Higgs-doublet model,” Phys. Rev., vol. D97,
no. 5, p. 055008, 2018.
[124] N. M. Coyle, B. Li, and C. E. M. Wagner, “Wrong sign bottom Yukawa cou-
pling in low energy supersymmetry,” Phys. Rev., vol. D97, no. 11, p. 115028,
2018.
[125] L. A. Harland-Lang, A. D. Martin, P. Motylinski, and R. S. Thorne, “Parton
distributions in the LHC era: MMHT 2014 PDFs,” Eur. Phys. J., vol. C75,
no. 5, p. 204, 2015.
[126] R. V. Harlander and W. B. Kilgore, “Higgs boson production in bot-
tom quark fusion at next-to-next-to leading order,” Phys. Rev., vol. D68,
p. 013001, 2003.
[127] P. P. Giardino, K. Kannike, I. Masina, M. Raidal, and A. Strumia, “The
universal Higgs fit,” JHEP, vol. 05, p. 046, 2014.
[128] M. Aaboud et al., “Search for additional heavy neutral Higgs and gauge
bosons in the ditau final state produced in 36 fbâĹŠ1 of pp collisions at√
s = 13 TeV with the ATLAS detector,” JHEP, vol. 01, p. 055, 2018.
[129] V. Khachatryan et al., “Search for heavy resonances decaying to tau lepton
pairs in proton-proton collisions at
√
s = 13 TeV,” JHEP, vol. 02, p. 048,
2017.
[130] M. Aaboud et al., “Search for low-mass dijet resonances using trigger-level
jets with the ATLAS detector in pp collisions at
√
s = 13 TeV,” Phys. Rev.
Lett., vol. 121, no. 8, p. 081801, 2018.
[131] “Search for Higgs bosons produced in association with b quarks and decaying
into a b-quark pair with 13 TeV data,” Tech. Rep. CMS-PAS-HIG-16-018,
CERN, Geneva, 2018.
[132] A. M. Sirunyan et al., “Search for narrow resonances in the b-tagged dijet
mass spectrum in proton-proton collisions at
√
s = 8 TeV,” Phys. Rev. Lett.,
vol. 120, no. 20, p. 201801, 2018.
[133] M. Aaboud et al., “Search for new high-mass phenomena in the dilepton
final state using 36 fbâĹŠ1 of proton-proton collision data at
√
s = 13 TeV
with the ATLAS detector,” JHEP, vol. 10, p. 182, 2017.
[134] A. M. Sirunyan et al., “Search for high-mass resonances in dilepton final
states in proton-proton collisions at
√
s = 13 TeV,” JHEP, vol. 06, p. 120,
2018.
139
[135] A. Djouadi, “The Anatomy of electro-weak symmetry breaking. II. The
Higgs bosons in the minimal supersymmetric model,” Phys. Rept., vol. 459,
pp. 1–241, 2008.
[136] V. Khachatryan et al., “Search for a light charged Higgs boson decaying to
cs in pp collisions at
√
s = 8 TeV,” JHEP, vol. 12, p. 178, 2015.
[137] V. Khachatryan et al., “Search for a charged Higgs boson in pp collisions at√
s = 8 TeV,” JHEP, vol. 11, p. 018, 2015.
[138] G. Aad et al., “Search for charged Higgs bosons decaying via H± → τ±ν in
fully hadronic final states using pp collision data at
√
s = 8 TeV with the
ATLAS detector,” JHEP, vol. 03, p. 088, 2015.
[139] M. Aaboud et al., “Search for charged Higgs bosons produced in association
with a top quark and decaying via H± → τν using pp collision data recorded
at
√
s = 13 TeV by the ATLAS detector,” Phys. Lett., vol. B759, pp. 555–
574, 2016.
[140] G. Aad et al., “Search for charged Higgs bosons in the H± → tb decay
channel in pp collisions at
√
s = 8 TeV using the ATLAS detector,” JHEP,
vol. 03, p. 127, 2016.
[141] T. A. collaboration, “Search for charged Higgs bosons in the H± → tb decay
channel in pp collisions at
√
s = 13 TeV using the ATLAS detector,” 2016.
[142] L. Di Luzio, M. Kirk, and A. Lenz, “Updated Bs-mixing constraints on
new physics models for b → s`+`− anomalies,” Phys. Rev., vol. D97, no. 9,
p. 095035, 2018.
[143] R. J. Dowdall, C. T. H. Davies, G. P. Lepage, and C. McNeile, “Vus from
pi and K decay constants in full lattice QCD with physical u, d, s and c
quarks,” Phys. Rev., vol. D88, p. 074504, 2013.
[144] N. Carrasco, P. Dimopoulos, R. Frezzotti, V. Lubicz, G. C. Rossi, S. Sim-
ula, and C. Tarantino, “ÎŤS=2 and ÎŤC=2 bag parameters in the standard
model and beyond from Nf=2+1+1 twisted-mass lattice QCD,” Phys. Rev.,
vol. D92, no. 3, p. 034516, 2015.
[145] B. J. Choi et al., “Kaon BSM B-parameters using improved staggered
fermions from Nf = 2 + 1 unquenched QCD,” Phys. Rev., vol. D93, no. 1,
p. 014511, 2016.
[146] N. Garron, R. J. Hudspith, and A. T. Lytle, “Neutral Kaon Mixing Beyond
the Standard Model with nf = 2 + 1 Chiral Fermions Part 1: Bare Matrix
Elements and Physical Results,” JHEP, vol. 11, p. 001, 2016.
140
[147] A. J. Buras, D. Guadagnoli, and G. Isidori, “On K Beyond Lowest Order
in the Operator Product Expansion,” Phys. Lett., vol. B688, pp. 309–313,
2010.
[148] Y. Amhis et al., “Averages of b-hadron, c-hadron, and τ -lepton properties
as of summer 2016,” Eur. Phys. J., vol. C77, no. 12, p. 895, 2017.
[149] W. Altmannshofer, C. Niehoff, and D. M. Straub, “Bs → µ+µ− as current
and future probe of new physics,” JHEP, vol. 05, p. 076, 2017.
[150] V. Khachatryan et al., “Observation of the rare B0s → µ+µ− decay from the
combined analysis of CMS and LHCb data,” Nature, vol. 522, pp. 68–72,
2015.
[151] R. Aaij et al., “Measurement of the B0s → µ+µ− branching fraction and effec-
tive lifetime and search for B0 → µ+µ− decays,” Phys. Rev. Lett., vol. 118,
no. 19, p. 191801, 2017.
[152] C. Bobeth, M. Gorbahn, T. Hermann, M. Misiak, E. Stamou, and M. Stein-
hauser, “Bs,d → l+l− in the Standard Model with Reduced Theoretical
Uncertainty,” Phys. Rev. Lett., vol. 112, p. 101801, 2014.
[153] K. De Bruyn, R. Fleischer, R. Knegjens, P. Koppenburg, M. Merk, A. Pel-
legrino, and N. Tuning, “Probing New Physics via the B0s → µ+µ− Effective
Lifetime,” Phys. Rev. Lett., vol. 109, p. 041801, 2012.
[154] W. Altmannshofer and D. M. Straub, “Cornering New Physics in b → s
Transitions,” JHEP, vol. 08, p. 121, 2012.
[155] R. Aaij et al., “Precision measurement of CP violation in B0s → J/ψK+K−
decays,” Phys. Rev. Lett., vol. 114, no. 4, p. 041801, 2015.
[156] A. J. Buras, R. Fleischer, J. Girrbach, and R. Knegjens, “Probing New
Physics with the Bstoµ+µ− Time-Dependent Rate,” JHEP, vol. 07, p. 077,
2013.
[157] D. BeÄŊireviÄĞ, N. KoÅąnik, O. Sumensari, and R. Zukanovich Funchal,
“Palatable Leptoquark Scenarios for Lepton Flavor Violation in Exclusive
b→ s`1`2 modes,” JHEP, vol. 11, p. 035, 2016.
[158] A. Crivellin, L. Hofer, J. Matias, U. Nierste, S. Pokorski, and J. Rosiek,
“Lepton-flavour violating B decays in generic Z ′ models,” Phys. Rev.,
vol. D92, no. 5, p. 054013, 2015.
[159] S. Aoki et al., “Review of lattice results concerning low-energy particle
physics,” Eur. Phys. J., vol. C77, no. 2, p. 112, 2017.
141
[160] A. Bharucha, D. M. Straub, and R. Zwicky, “B → V `+`− in the Standard
Model from light-cone sum rules,” JHEP, vol. 08, p. 098, 2016.
[161] M. Misiak et al., “Updated NNLO QCD predictions for the weak radiative
B-meson decays,” Phys. Rev. Lett., vol. 114, no. 22, p. 221801, 2015.
[162] C. Bobeth, M. Misiak, and J. Urban, “Matching conditions for b→ sγ and
b → sgluon in extensions of the standard model,” Nucl. Phys., vol. B567,
pp. 153–185, 2000.
[163] A. Paul and D. M. Straub, “Constraints on new physics from radiative B
decays,” JHEP, vol. 04, p. 027, 2017.
[164] G. Eilam, B. Haeri, and A. Soni, “Flavor-changing higgs-boson transitions,”
Phys. Rev. D, vol. 41, pp. 875–883, Feb 1990.
[165] G. Abbas, A. Celis, X.-Q. Li, J. Lu, and A. Pich, “Flavour-changing top
decays in the aligned two-Higgs-doublet model,” JHEP, vol. 06, p. 005,
2015.
[166] M. e. a. Tanabashi, “Review of particle physics,” Phys. Rev. D, vol. 98,
p. 030001, Aug 2018.
[167] S. Aoki et al., “FLAG Review 2019,” 2019.
[168] M. Aaboud et al., “Search for charged Higgs bosons decaying into top and
bottom quarks at
√
s = 13 TeV with the ATLAS detector,” JHEP, vol. 11,
p. 085, 2018.
[169] “Search for a charged Higgs boson decaying into top and bottom quarks in
proton-proton collisions at 13TeV in events with electrons or muons,” Tech.
Rep. CMS-PAS-HIG-18-004, CERN, Geneva, 2019.
[170] M. Aaboud et al., “Search for new phenomena in events with same-charge
leptons and b-jets in pp collisions at
√
s = 13 TeV with the ATLAS detector,”
JHEP, vol. 12, p. 039, 2018.
[171] G. Durieux and C. Smith, “The same-sign top signature of R-parity viola-
tion,” JHEP, vol. 10, p. 068, 2013.
[172] C. S. Kim, Y. W. Yoon, and X.-B. Yuan, “Exploring top quark FCNC within
2HDM type III in association with flavor physics,” JHEP, vol. 12, p. 038,
2015.
[173] W.-S. Hou, M. Kohda, and T. Modak, “Constraining a Lighter Exotic Scalar
via Same-sign Top,” Phys. Lett., vol. B786, pp. 212–216, 2018.
142
[174] S. Bar-Shalom, A. Rajaraman, D. Whiteson, and F. Yu, “Collider Signals
of Maximal Flavor Violation: Same-Sign Leptons from Same-Sign Tops at
the Tevatron,” Phys. Rev., vol. D78, p. 033003, 2008.
[175] R. S. Chivukula, E. H. Simmons, and N. Vignaroli, “Same-Sign Dileptons
from Colored Scalars in the Flavorful Top-Coloron Model,” Phys. Rev.,
vol. D88, p. 034006, 2013.
[176] H. Zhang, E. L. Berger, Q.-H. Cao, C.-R. Chen, and G. Shaughnessy, “Color
Sextet Vector Bosons and Same-Sign Top Quark Pairs at the LHC,” Phys.
Lett., vol. B696, pp. 68–73, 2011.
[177] D. Atwood, S. K. Gupta, and A. Soni, “Same-sign Tops: A Powerful Diag-
nostic Test for Models of New Physics,” JHEP, vol. 04, p. 035, 2013.
[178] N. Aghanim et al., “Planck 2015 results. XI. CMB power spectra, likeli-
hoods, and robustness of parameters,” Astron. Astrophys., vol. 594, p. A11,
2016.
[179] T. Lin, “TASI lectures on dark matter models and direct detection,” 2019.
[180] A. M. Sirunyan et al., “Search for invisible decays of a Higgs boson produced
through vector boson fusion in proton-proton collisions at
√
s = 13 TeV,”
Phys. Lett., vol. B793, pp. 520–551, 2019.
[181] M. Aaboud et al., “Combination of searches for invisible Higgs boson decays
with the ATLAS experiment,” Phys. Rev. Lett., vol. 122, no. 23, p. 231801,
2019.
[182] G. Belanger, F. Boudjema, A. Pukhov, and A. Semenov, “Dark matter
direct detection rate in a generic model with micrOMEGAs 2.2,” Comput.
Phys. Commun., vol. 180, pp. 747–767, 2009.
[183] A. M. Sirunyan et al., “Combined measurements of Higgs boson couplings
in protonâĂŞproton collisions at
√
s = 13TeV,” Eur. Phys. J., vol. C79,
no. 5, p. 421, 2019.
[184] M. Aaboud et al., “Observation of Higgs boson production in association
with a top quark pair at the LHC with the ATLAS detector,” Phys. Lett.,
vol. B784, pp. 173–191, 2018.
[185] M. Aaboud et al., “Observation of H → bb¯ decays and V H production with
the ATLAS detector,” Phys. Lett., vol. B786, pp. 59–86, 2018.
[186] A. M. Sirunyan et al., “Observation of Higgs boson decay to bottom quarks,”
Phys. Rev. Lett., vol. 121, no. 12, p. 121801, 2018.
143
[187] M. Aaboud et al., “Cross-section measurements of the Higgs boson decaying
into a pair of τ -leptons in proton-proton collisions at
√
s = 13 TeV with the
ATLAS detector,” Phys. Rev., vol. D99, p. 072001, 2019.
[188] R. D. Peccei and H. R. Quinn, “Constraints Imposed by CP Conservation
in the Presence of Instantons,” Phys. Rev., vol. D16, pp. 1791–1797, 1977.
[189] G. C. Branco, P. M. Ferreira, L. Lavoura, M. N. Rebelo, M. Sher, and J. P.
Silva, “Theory and phenomenology of two-Higgs-doublet models,” Phys.
Rept., vol. 516, pp. 1–102, 2012.
[190] R. Barbieri and G. F. Giudice, “Upper Bounds on Supersymmetric Particle
Masses,” Nucl. Phys., vol. B306, pp. 63–76, 1988.
[191] G. Belanger, F. Boudjema, A. Pukhov, and A. Semenov, “micrOMEGAs 3:
A program for calculating dark matter observables,” Comput. Phys. Com-
mun., vol. 185, pp. 960–985, 2014.
[192] J.-H. Yu, “A tale of twin Higgs: natural twin two Higgs doublet models,”
JHEP, vol. 12, p. 143, 2016.
[193] B. Batell and C. B. Verhaaren, “Breaking mirror twin hypercharge,” JHEP,
vol. 1912, p. 010, 2019.
[194] H. Beauchesne, K. Earl, and T. GrÃľgoire, “The spontaneous Z2 breaking
Twin Higgs,” JHEP, vol. 01, p. 130, 2016.
[195] M. Aaboud et al., “Measurements of gluon-gluon fusion and vector-boson
fusion Higgs boson production cross-sections in the H → WW ∗ → eνµν
decay channel in pp collisions at
√
s = 13 TeV with the ATLAS detector,”
Phys. Lett., vol. B789, pp. 508–529, 2019.
[196] M. Aaboud et al., “Search for high-mass new phenomena in the dilepton
final state using proton-proton collisions at
√
s = 13 TeV with the ATLAS
detector,” Phys. Lett., vol. B761, pp. 372–392, 2016.
[197] J. Aebischer, W. Altmannshofer, D. Guadagnoli, M. Reboud, P. Stangl, and
D. M. Straub, “B-decay discrepancies after Moriond 2019,” 2019.
[198] J. Albrecht, F. Bernlochner, M. Kenzie, S. Reichert, D. Straub, and A. Tully,
“Future prospects for exploring present day anomalies in flavour physics
measurements with Belle II and LHCb,” 2017.
[199] L. Lee, C. Ohm, A. Soffer, and T.-T. Yu, “Collider Searches for Long-Lived
Particles Beyond the Standard Model,” Prog. Part. Nucl. Phys., vol. 106,
pp. 210–255, 2019.
144
[200] J. Alimena et al., “Searching for Long-Lived Particles beyond the Standard
Model at the Large Hadron Collider,” 2019.
[201] S. Alipour-Fard, N. Craig, S. Gori, S. Koren, and D. Redigolo, “The second
Higgs at the lifetime frontier,” 2018.
[202] W. Altmannshofer and B. Maddock, “Flavorful Two Higgs Doublet Models
with a Twist,” Phys. Rev., vol. D98, no. 7, p. 075005, 2018.
[203] A. M. Sirunyan et al., “Measurements of properties of the Higgs boson de-
caying to a W boson pair in pp collisions at
√
s = 13 TeV,” Phys. Lett.,
vol. B791, p. 96, 2019.
[204] G. Aad et al., “Measurement of the production cross section for a Higgs
boson in association with a vector boson in the H → WW ∗ → `ν`ν channel
in pp collisions at
√
s = 13 TeV with the ATLAS detector,” Phys. Lett.,
vol. B798, p. 134949, 2019.
[205] A. M. Sirunyan et al., “Search for the associated production of the Higgs
boson and a vector boson in proton-proton collisions at
√
s = 13 TeV via
Higgs boson decays to τ leptons,” JHEP, vol. 06, p. 093, 2019.
[206] S. L. Glashow and S. Weinberg, “Natural conservation laws for neutral cur-
rents,” Phys. Rev. D, vol. 15, pp. 1958–1965, Apr 1977.
[207] “Search for Charged Higgs boson to cb¯ in lepton+jets channel using top
quark pair events,” Tech. Rep. CMS-PAS-HIG-16-030, CERN, Geneva,
2016.
[208] V. Khachatryan et al., “Searches for invisible decays of the Higgs boson in
pp collisions at
√
s = 7, 8, and 13 TeV,” JHEP, vol. 02, p. 135, 2017.
[209] Z. Chacko, Y. Nomura, M. Papucci, and G. Perez, “Natural little hierarchy
from a partially goldstone twin Higgs,” JHEP, vol. 01, p. 126, 2006.
[210] “Search for Higgs-like bosons decaying into long-lived exotic particles,” Jun
2012. Linked to LHCb-ANA-2012-038.
[211] G. Aad et al., “Search for long-lived neutral particles decaying into lepton
jets in proton-proton collisions at
√
s = 8 TeV with the ATLAS detector,”
JHEP, vol. 11, p. 088, 2014.
[212] L. Lee, C. Ohm, A. Soffer, and T.-T. Yu, “Collider Searches for Long-Lived
Particles Beyond the Standard Model,” Prog. Part. Nucl. Phys., vol. 106,
pp. 210–255, 2019.
145
[213] V. Khachatryan et al., “Search for Long-Lived Neutral Particles Decaying to
Quark-Antiquark Pairs in Proton-Proton Collisions at
√
s = 8 TeV,” Phys.
Rev., vol. D91, no. 1, p. 012007, 2015.
[214] “Search for pair produced long-lived neutral particles decaying in the AT-
LAS hadronic calorimeter in pp collisions at
√
s = 8 TeV,” Tech. Rep.
ATLAS-CONF-2014-041, CERN, Geneva, Jul 2014.
[215] G. Aad et al., “Search for a light Higgs boson decaying to long-lived weakly-
interacting particles in proton-proton collisions at
√
s = 7 TeV with the
ATLAS detector,” Phys. Rev. Lett., vol. 108, p. 251801, 2012.
[216] S. Dimopoulos and G. F. Giudice, “Naturalness constraints in supersymmet-
ric theories with nonuniversal soft terms,” Phys. Lett., vol. B357, pp. 573–
578, 1995.
[217] A. G. Cohen, D. B. Kaplan, and A. E. Nelson, “The More minimal super-
symmetric standard model,” Phys. Lett., vol. B388, pp. 588–598, 1996.
[218] R. Sundrum, “SUSY Splits, But Then Returns,” JHEP, vol. 01, p. 062,
2011.
[219] R. Barbieri, E. Bertuzzo, M. Farina, P. Lodone, and D. Pappadopulo, “A
Non Standard Supersymmetric Spectrum,” JHEP, vol. 08, p. 024, 2010.
[220] M. Papucci, J. T. Ruderman, and A. Weiler, “Natural SUSY Endures,”
JHEP, vol. 09, p. 035, 2012.
[221] C. Brust, A. Katz, S. Lawrence, and R. Sundrum, “SUSY, the Third Gen-
eration and the LHC,” JHEP, vol. 03, p. 103, 2012.
[222] A. Falkowski, S. Pokorski, and M. Schmaltz, “Twin SUSY,” Phys. Rev.,
vol. D74, p. 035003, 2006.
[223] S. Chang, L. J. Hall, and N. Weiner, “A Supersymmetric twin Higgs,” Phys.
Rev., vol. D75, p. 035009, 2007.
[224] N. Craig and K. Howe, “Doubling down on naturalness with a supersym-
metric twin Higgs,” JHEP, vol. 03, p. 140, 2014.
[225] P. Batra and Z. Chacko, “A Composite Twin Higgs Model,” Phys. Rev.,
vol. D79, p. 095012, 2009.
[226] M. Geller and O. Telem, “Holographic Twin Higgs Model,” Phys. Rev. Lett.,
vol. 114, p. 191801, 2015.
146
[227] H.-C. Cheng, S. Jung, E. Salvioni, and Y. Tsai, “Exotic Quarks in Twin
Higgs Models,” JHEP, vol. 03, p. 074, 2016.
[228] R. Barbieri, D. Greco, R. Rattazzi, and A. Wulzer, “The Composite Twin
Higgs scenario,” JHEP, vol. 08, p. 161, 2015.
[229] M. Low, A. Tesi, and L.-T. Wang, “Twin Higgs mechanism and a composite
Higgs boson,” Phys. Rev., vol. D91, p. 095012, 2015.
[230] P. A. R. Ade et al., “Planck 2015 results. XIII. Cosmological parameters,”
Astron. Astrophys., vol. 594, p. A13, 2016.
[231] A. Katz, A. Mariotti, S. Pokorski, D. Redigolo, and R. Ziegler, “SUSY Meets
Her Twin,” JHEP, vol. 01, p. 142, 2017.
[232] W. Altmannshofer, B. Maddock, and D. Tuckler, “Rare Top Decays as
Probes of Flavorful Higgs Bosons,” Phys. Rev., vol. D100, no. 1, p. 015003,
2019.
[233] T. A. collaboration, “Measurement of gluon fusion and vector boson fusion
Higgs boson production cross-sections in the H → WW ∗ → eνµν decay
channel in pp collisions at
√
s = 13 TeV with the ATLAS detector,” 2018.
[234] A. M. Sirunyan et al., “Evidence for associated production of a Higgs boson
with a top quark pair in final states with electrons, muons, and hadronically
decaying τ leptons at
√
s = 13 TeV,” JHEP, vol. 08, p. 066, 2018.
[235] ATLAS and C. Collaborations, “Report on the Physics at the HL-LHC and
Perspectives for the HE-LHC,” in HL/HE-LHC Physics Workshop: final
jamboree Geneva, CERN, March 1, 2019, 2019.
[236] M. Badziak and K. Harigaya, “Natural supersymmetric Twin Higgs,” in 6th
Symposium on Prospects in the Physics of Discrete Symmetries (DISCRETE
2018) Vienna, Austria, November 26-30, 2018, 2019.
[237] H.-C. Cheng, E. Salvioni, and Y. Tsai, “Exotic electroweak signals in the
twin Higgs model,” Phys. Rev., vol. D95, no. 11, p. 115035, 2017.
[238] T. Neumann, “Recent Developments in Gluon Fusion Higgs Calculations,”
in 13th Conference on the Intersections of Particle and Nuclear Physics
(CIPANP 2018) Palm Springs, California, USA, May 29-June 3, 2018,
2018.
[239] S. Rettie, “Searching for New High Mass Phenomena Decaying to Muon
Pairs using Proton-Proton Collisions at
√
s = 13 TeV with the ATLAS
Detector at the LHC,” 2017.
147
